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SUMMARY 
T h i s  paper  r e v i e w s  f i r e  s a f e t y  fo r  s p a c e c r a f t  by  f i rs t  d e s c r i b i n g  c u r r e n t  
p r a c t i c e s ,  many o f  wh ich  a r e  adapted  d i r e c t l y  from a i r c r a f t .  The paper  t h e n  
d i s c u s s e s  c u r r e n t  ana lyses  and e x p e r i m e n t a l  knowledge i n  l o w - g r a v i t y  combus- 
t i o n ,  w i t h  i m p l i c a t i o n s  f o r  f i r e  s a f e t y .  I n  o r b i t i n g  s p a c e c r a f t ,  t h e  d e t e c t i o n  
and s u p p r e s s i o n  o f  f l ames  a r e  s t r o n g l y  a f f e c t e d  by  t h e  l a r g e  r e d u c t i o n  i n  buoy- 
a n t  f lows under  low g r a v i t y .  G e n e r a l l y ,  combust ion  i n t e n s i t y  i s  reduced  i n  low 
g r a v i t y .  
F i n a l l y ,  t h e  paper  examines t h e  f u t u r e  r e q u i r e m e n t s  i n  f i r e  s a f e t y ,  p a r t i c u -  
l a r l y  t h e  needs o f  l o n g - d u r a t i o n  space s t a t i o n s  i n  f i r e  p r e v e n t i o n ,  d e t e c t i o n ,  
e x t i n g u i s h m e n t ,  and a tmospher i c  c o n t r o l .  The goa l  o f  s p a c e c r a f t  f i r e - s a f e t y  
i n v e s t i g a t i o n s  i s  t h e  e s t a b l i s h m e n t  o f  t r a d e - o f f s  t h a t  p romote  maximum s a f e t y  
w i t h o u t  hamper ing  t h e  u s e f u l  human and s c i e n t i f i c  a c t i v i t i e s  i n  space. 
- - m
7 
w s t r o n g  enhancement o f  f l a m e s  by  l o w - v e l o c i t y  v e n t i l a t i o n  flows i n  space.  
There a r e  some n o t a b l e  e x c e p t i o n s ,  however, one example b e i n g  t h e  
INTRODUCTION 
F i r e  i s  r e g a r d e d  as one o f  t h e  most s e r i o u s  t h r e a t s  t o  space t r a v e l ,  y e t  
t h e  spread o f  f i r e  i n  space i s  n o t  w e l l  unders tood .  
c o n t r o l  f i r e s  i n  space have, t o  a l a r g e  e x t e n t ,  been based on  t e c h n i q u e s  b o r -  
rowed from a i r c r a f t  p r a c t i c e s .  I ndeed ,  f i r e  p o t e n t i a l  i n  g round,  l a u n c h ,  and 
r e c o v e r y  o p e r a t i o n s  f o r  space i s  ana logous t o  t h a t  i n  g round s e r v i c i n g ,  
of f ,  and l a n d i n g  o p e r a t i o n s  f o r  a i r c r a f t .  Thus, p r e s e n t  s p a c e c r a f t  f i r e  
s a f e t y  has been promoted t h r o u g h  s t r i c t  c o n t r o l  o f  m a t e r i a l s  and atmospheres 
and t h r o u g h  f i r e  d e t e c t i o n  and s u p p r e s s i o n  methods o p t i m i z e d  f o r  r e l i a b i l i t y  
and mass and energy  c o n s e r v a t i o n .  
E f f o r t s  t o  p r e v e n t  and 
t a k e -  
For space m i s s i o n s  o f  t h e  near  f u t u r e ,  f i r e  s a f e t y  t e c h n i q u e s  must  change 
The n e x t  g e n e r a t i o n  o f  human-crew s p a c e c r a f t  w i l l  be dominated  by  p e r -  
from s i m p l e  s t r a t e g i e s  bor rowed from a i r c r a f t  p r a c t i c e s  t o  s p e c i f i c  methods for  
s p a c e c r a f t ,  c o m p a t i b l e  w i t h  t h e  r e q u i r e m e n t s  o f  complex,  m u l t i - m i s s i o n  opera -  
t i o n s .  
m a n e n t l y  o r b i t i n g  p l a t f o r m s  such as t h e  p r o t o t y p e  U.S.S.R. M i r  or  t h e  p l a n n e d  
U.S. Space S t a t i o n  Freedom. The f u t u r e  space s t a t i o n s  w i l l  be c l u s t e r s  of l i v -  
i n g  q u a r t e r s ,  l a b o r a t o r i e s ,  s a t e l l i t e  l a u n c h  and r e c o v e r y  f a c i l i t i e s ,  and 
i n d u s t r i a l  p i l o t  p l a n t s ,  accommodating "passengers "  who a r e  s c i e n t i s t s  and 
o b s e r v e r s ,  n o t  a s t r o n a u t s .  F i r e - s a f e t y  t e c h n i q u e s  w i l l  s t r i v e  f o r  s i m p l i c i t y ,  
s t a n d a r d i z a t i o n ,  p r a c t i c a l i t y ,  m in ima l  impac t  on  o p e r a t i o n s ,  and r e a s o n a b l e  
c o s t s .  The s i m i l a r i t y  o f  t h e s e  o b j e c t i v e s  t o  p r e s e n t  p o l i c i e s  i n  t h e  passenger -  
c a r r y i n g  a i r p l a n e  f l e e t  i s  i n e s c a p a b l e .  
f i r e  s a f e t y  a t  t h a t  t i m e  ( R e f .  1 ) .  
pos ium a r e  now i n t e r e s t s  common t o  s p a c e c r a f t  and a i r c r a f t ,  i n c l u d i n g  t h e  needs 
An AGARD symposium h e l d  14 y e a r s  ago summarized t h e  p r o g r e s s  i n  a v i a t i o n  
Some o f  t h e  concerns  d i s c u s s e d  a t  t h e  sym- 
, 
f o r  b e t t e r  u n d e r s t a n d i n g  o f  fundamenta l  f i r e - s a f e t y  p r i n c i p l e s ,  improvements 
i n  nonf lammable m a t e r i a l s ,  and t h e  r e d u c t i o n  o f  f i r e - g e n e r a t e d  smoke and t o x i c  
p r o d u c t s .  These s p e c i f i c  concerns  f o r  s p a c e c r a f t  f i r e  s a f e t y  have been d i s -  
cussed i n  a symposium h e l d  i n  t h e  U n i t e d  S t a t e s ,  aimed a t  i n i t i a t i n g  s t u d i e s  
a p p l i c a b l e  t o  t h e  U . S .  Space S t a t i o n  Freedom ( R e f s .  2 and 3 ) .  
T h i s  paper  i s  a r e v i e w  and s t a t u s  r e p o r t  on  c u r r e n t  u n d e r s t a n d i n g  and 
r e s e a r c h  d i r e c t i o n s  i n  s p a c e c r a f t  f i r e  s a f e t y .  I n  a d d i t i o n  t o  t h e  aforemen- 
t i o n e d  s i m i l a r i t i e s  t o  t h e  a i r c r a f t  env i ronmen t ,  t h e  paper  d i s c u s s e s  t h e  un ique  
a t t r i b u t e s  o f  space, t h e  most o b v i o u s  o f  wh ich  i s  t h e  a l m o s t  comple te  absence 
o f  t h e  g r a v i t a t i o n a l  f o r c e .  The b e h a v i o r  o f  f l a m e s  i n  " m i c r o g r a v i t y "  has a 
s t r o n g  i n f l u e n c e  on f i r e  i n i t i a t i o n  and c o n t r o l .  The paper  a l s o  su rveys  t h e  
a p p l i c a t i o n  o f  l o w - g r a v i t y  combust ion  knowledge t o  p r o v i d e  t e c h n i q u e s  o f  f i r e  
p r e v e n t i o n ,  d e t e c t i o n ,  e x t i n g u i s h m e n t ,  and a tmospher i c  c o n t r o l  i n  s p a c e c r a f t .  
CURRENT SPACECRAFT F I R E - S A F E T Y  P R A C T I C E S  
F i r e  P r e v e n t i o n  i n  Space 
B a s i c  s t r a t e g i e s .  - S a f e t y  i n  human space t r a v e l  has a lways  been o f  pa ra -  
mount i m p o r t a n c e .  The e a r l i e s t  space m i s s i o n s  a t t e m p t e d  t o  m i n i m i z e  f i r e  haz- 
a r d s  t h r o u g h  s t r i n g e n t  c o n t r o l  o f  p o t e n t i a l  f lammables  and sources  o f  i g n i t i o n  
energy .  S i n c e  space v e h i c l e s  were r e l a t i v e l y  s i m p l e  and t h e i r  o p e r a t i n g  m i s -  
s i o n s  s h o r t  i n  d u r a t i o n ,  t h e  s t r a t e g y  o f  s t r i c t  p r e c l u s i o n  o f  f i r e - c a u s i n g  e l e -  
ments was t h u s  p r a c t i c a l  t o  imp lement .  For new g e n e r a t i o n s  o f  space m i s s i o n s ,  
t h i s  approach o f  " comp le te  e x c l u s i o n "  f o r  f i r e  s a f e t y  i s  i m p r a c t i c a l .  F i r s t ,  
a l a c k  o f  t h o r o u g h  u n d e r s t a n d i n g  o f  f i r e  b e h a v i o r  under  space c o n d i t i o n s  under -  
more i m p o r t a n t ,  r e g a r d l e s s  o f  t h e  s t a t e  o f  knowledge,  space p l a n n e r s  now con- 
cede t h a t  comp le te  e l i m i n a t i o n  o f  f i r e - c a u s i n g  e lemen ts  i s  n e i t h e r  p r a c t i c a l  
n o r  d e s i r a b l e  i f  a space m i s s i o n  i s  t o  se rve  a v a r i e t y  o f  u s e f u l  purposes  i n  
te rms o f  passenger ,  s c i e n t i f i c ,  or  commerc ia l  accommodations (Re fs .  3 and 4 ) .  
becomes p a r t  of an opt imum b a l a n c e  among s a f e t y ,  pe r fo rmance ,  cost ,  and sched- 
u l e  ( R e f s .  5 and 6 ) .  
l 
I m ines t h e  c o n f i d e n c e  t h a t  haza rds  can be c o m p l e t e l y  e l i m i n a t e d .  Second and 
I 
I Thus, t o t a l  e l i m i n a t i o n  o f  r i s k  i s  i m p o s s i b l e ,  and s p a c e c r a f t  f i r e  s a f e t y  
, F i g u r e  1 r e p r e s e n t s  a l o g i c a l  approach t o  s p a c e c r a f t  f i r e  s a f e t y  based on  
p r a c t i c a l  s t r a t e g i e s .  The g o a l s  o f  r i s k  r e d u c t i o n  a r e  approached t h r o u g h  t h e  
a c c e p t a b i l i t y  c r i t e r i a ,  wh ich  i n c l u d e  s a f e t y  s t a n d a r d s ,  m a t e r i a l  t e s t  l i m i t s ,  
o p e r a t i o n a l  p r o c e d u r e s ,  and o t h e r  f a c t o r s  t h a t  l i m i t  t h e  degree o f  r i s k .  The 
i n f o r m a t i o n  c o n t r i b u t i n g  t o  t h e s e  a c c e p t a b i l i t y  d e c i s i o n s  i s  p r o v i d e d  b y  t h e  
i d e n t i f i c a t i o n  and assessment o f  haza rds  and t h e  f o r m u l a t i o n  o f  t o l e r a n c e  s tan -  
da rds  t o  s e t  a p o l i c y  o f  r i s k  l i m i t s .  
I 
F r iedman and Sacks teder  ( R e f .  6 )  have f u r t h e r  c h a r a c t e r i z e d  t h e  p rocess  o f  
r i s k  assessment by  d e f i n i n g  s i m p l e  s t e p s  o f  p r e v e n t i o n ,  response,  and r e c o v e r y ,  
based i n  p a r t  on  t h e  ana lyses  o f  Peercy  and Raasch ( R e f .  7 ) .  I n  b r i e f ,  p reven-  
t i o n  i s  t h e  o r i g i n a l  p h i l o s o p h y  o f  f i r e  s a f e t y  t h r o u g h  t h e  s t r i c t  e x c l u s i o n  o f  
f i r e - c a u s i n g  e lemen ts .  Where p r e v e n t i o n  i s  i m p r a c t i c a l ,  response ,  t h a t  i s ,  t h e  
i d e n t i f i c a t i o n  o f  t h e  haza rd  and t h e  l i m i t a t i o n  o f  t h e  g r o w t h  o f  an i n c i p i e n t  
f i r e  t h r o u g h  d e t e c t i o n  and s u p p r e s s i o n  t e c h n i q u e s  i s  a l e s s e r  r i s k  o p t i o n  t h a n  
f u l l - s c a l e  f i r e  c o n t r o l .  Recovery ,  on t h e  o t h e r  hand, i s  t h e  h i g h e s t - r i s k  
o p t i o n  o f  f i g h t i n g  an e s t a b l i s h e d  f i r e ,  l i m i t i n g  damage, and r e s t o r i n g  t h e  
o r i g i n a l  c o n d i t i o n s .  S p a c e c r a f t  r i s k  management, o u t  o f  n e c e s s i t y ,  i n c o r p o -  
r a t e s  t h i s  e n t i r e  range o f  r i s k  assessment i n t o  f i r e - s a f e t y  p rograms.  
2 
M a t e r i a l  f l a m m a b i l i t y  and accep tance .  - The f i r s t  l i n e  o f  de fense  i n  space- 
c r a f t  f i r e  s a f e t y  i s  i n  t h e  l i m i t a t i o n  o f  m a t e r i a l s ,  as f a r  as p r a c t i c a l ,  t o  
those  c h a r a c t e r i z e d  as nonflammable. For U . S .  s p a c e c r a f t ,  t h e  p r i m a r y  a c c e p t -  
ance t e s t  i s  t h e  upward f l a m m a b i l i t y  t e s t ,  d e s c r i b e d  i n  t h e  NASA Handbook 
NHB 8060.16 ( R e f .  8). The appara tus  i s  ske tched  i n  F i g .  2 .  The sample mate- 
r i a l ,  a shee t  or f a b r i c  f o r  example, i s  mounted v e r t i c a l l y  and i g n i t e d  a t  t h e  
bo t tom.  To pass t h e  t e s t ,  t h e  m a t e r i a l  e i t h e r  r e s i s t s  i g n i t i o n  o r ,  i f  i g n i t e d ,  
must n o t  s u s t a i n  a f lame p r o p a g a t i n g  more t h a n  a s t a t e d  l i m i t  ( 1 5  cm a t  
p r e s e n t ) .  Fu r the rmore ,  t h e  i g n i t e d  specimen must  n o t  d r i p  s u f f i c i e n t l y  t o  
i g n i t e  a s h e e t  o f  paper  mounted be low t h e  sample. A l t e r n a t i v e  accep tance  t e s t s  
a r e  d e f i n e d  for f l a m m a b i l i t y  d e t e r m i n a t i o n  o f  such m a t e r i a l s  as w i r e  i n s u l a -  
t i o n ,  s e a l a n t s ,  g reases ,  and l i q u i d s  t h a t  a r e  u n s u i t a b l e  f o r  e v a l u a t i o n  i n  t h e  
upward f l a m m a b i l i t y  t e s t .  
Cole ( R e f .  9 )  n o t e s  t h a t  f o r  c o n f i d e n c e  i n  t h e  r e s u l t s  o f  t h e s e  t e s t s ,  i t  
i s  c r i t i c a l  t o  t e s t  m a t e r i a l  samples r e p r e s e n t a t i v e  o f  t h e i r  end-use c o n f i g u r a -  
t i o n  i n  s p a c e c r a f t  and t o  t e s t  them i n  t h e  same atmosphere as t o  be used i n  
space. S i n c e  f i r e  b e h a v i o r  i s  s u r e l y  d i f f e r e n t  i n  space t h a n  i n  normal  g rav -  
i t y ,  t h e  s a f e t y  f a c t o r s  p r o v i d e d  by  t h e  n o r m a l - g r a v i t y  f l a m m a b i l i t y  t e s t  d a t a  
a r e  u n c e r t a i n .  I n  a d d i t i o n ,  one must  r e a l i z e  t h a t  many e s s e n t i a l  i t e m s  t h a t  
w i l l  be used i n  s p a c e c r a f t ,  i t e m s  i n c l u d i n g  some c l o t h i n g ,  paper ,  and f i l m s ,  
a r e  i n h e r e n t l y  f l ammab le .  The acceptance o f  these  m a t e r i a l s  i n t o  a space e n v i -  
ronment  assumes t h a t  t h e i r  p o t e n t i a l  hazards  a r e  reduced  t h r o u g h  l i m i t a t i o n s  
of q u a n t i t y  and r e q u i r e m e n t s  f o r  s p e c i a l i z e d  spac ing ,  b a r r i e r s ,  and s t o r a g e .  
F i r e  D e t e c t i o n  P r a c t i c e s  i n  S p a c e c r a f t  
D e t e c t i o n  o f  f i r e ,  or i t s  p r e c u r s o r  o v e r h e a t i n g ,  depends on  t h e  a b i l i t y  
t o  r e c o g n i z e  t h e  abnormal d e p a r t u r e  i n  e n v i r o n m e n t a l  c o n d i t i o n s  known as a 
" f i r e  s i g n a t u r e "  t h r o u g h  measurement o f  t e m p e r a t u r e ,  r a d i a t i o n ,  s m o k e - p a r t i c l e ,  
or  chemica l - spec ie  changes. Knowledge o f  l o w - g r a v i t y  f i r e  b e h a v i o r  l e a d s  one 
t o  e x p e c t  t h a t  f i r e  i n d i c a t o r s  i n  space a r e  d i f f e r e n t  from t h o s e  i n  normal  
g r a v i t y ,  b o t h  i n  t h e  n a t u r e  o f  t h e  s i g n a t u r e  and i n  t h e  mode o f  t r a n s p o r t  o f  
t h e  s i g n a t u r e  t o  t h e  d e t e c t o r  sensor  ( R e f .  3 ) .  
N e v e r t h e l e s s ,  p r e s e n t  f i r e  d e t e c t o r s  i n  s p a c e c r a f t  a r e  a d a p t a t i o n s  of 
acceptable models used o n  aircraft. Aircraft fire detection techniques, a sub- 
j e c t  w e l l  r e v i e w e d  i n  r e c e n t  y e a r s  ( R e f s .  10 t o  1 2 > ,  i n c o r p o r a t e  s e v e r a l  modes 
of d e t e c t i o n ,  such as t e m p e r a t u r e  s e n s i n g  i n  eng ine  n a c e l l e s  and c a r g o  a r e a s ,  
and r a d i a t i o n  and s m o k e - p a r t i c l e  d e t e c t o r s  i n  c a b i n  a r e a s .  The o r i g i n a l  space- 
c r a f t  f i r e  d e t e c t o r s  were t h e  human c rew,  who c o u l d  sense and d e t e c t  i n c i p i e n t  
f i r e s .  The c o m p l e x i t y  and v a r i e d  m i s s i o n s  o f  p r e s e n t  s p a c e c r a f t ,  however ,  
make remote  s e n s i n g  necessa ry .  
F i g u r e  3 shows t h e  f i r e - p r o t e c t i o n  p r o v i s i o n s  i n  t h e  U .S .  S h u t t l e  c a b i n ,  
and t h e  i n s e t  shows a t y p i c a l  d e t e c t o r .  N ine  i o n i z a t i o n - t y p e  smoke d e t e c t o r s  
a r e  i n s t a l l e d  i n  t h e  i n s t r u m e n t  bays and c rew decks o f  t h e  S h u t t l e  ( R e f s .  9 
and 13 ) .  S i m i l a r  f i r e  p r o t e c t i o n  i s  p r o v i d e d  i n  t h e  Space lab ,  wh ich  i s  a Euro- 
pean Space Agency l a b o r a t o r y  chamber i n s t a l l e d  i n  t h e  S h u t t l e  p a y l o a d  bay  i n  
s e l e c t e d  m i s s i o n s .  The S h u t t l e  smoke d e t e c t o r  i s  i d e n t i c a l  i n  p r i n c i p l e  t o  
c o n v e n t i o n a l  a i r c r a f t  and commerc ia l  i o n i z a t i o n  smoke d e t e c t o r s ,  e x c e p t  for two 
a d d i t i o n a l  f e a t u r e s .  The S h u t t l e  smoke d e t e c t o r  i s  p r o v i d e d  w i t h  a b u i l t - i n  
fan  t o  assu re  a c o n t i n u o u s  f low o f  sampled atmosphere.  The smoke d e t e c t o r  a l s o  
has a f i n e  sc reen  ups t ream o f  t h e  i o n i z a t i o n  chamber t o  bypass l a r g e r  p a r t i c l e s  
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and assu re  t h e  e n t r y  o f  o n l y  submic romete r -s i zed  p a r t i c l e s  i n t o  t h e  chamber. 
Thus, t h e  s p a c e c r a f t  smoke d e t e c t o r  can m o n i t o r  a i r  q u a l i t y  r e g a r d l e s s  of l o c a -  
t i o n ,  s i n c e  i t  m a i n t a i n s  a c o n t i n u o u s  f o r c e d - c o n v e c t i o n  f low t h r o u g h  i t s  sens- 
i n g  e lemen ts .  The samp l ing  sc reen  i s  i n t e n d e d  t o  r e j e c t  l a r g e  p a r t i c l e s ,  most 
l i k e l y  d u s t ,  t o  reduce t h e  number o f  f a l s e  a la rms  caused by these  a i r - b o r n e  
p a r t i c l e s .  
The p r e s e n t  s p a c e c r a f t  f i r e  d e t e c t o r s  r e p r e s e n t  t h e  b e s t  a p p l i c a t i o n  o f  
t h e  s t a t e - o f - t h e - a r t  d e r i v e d  from a i r c r a f t  and ground e x p e r i e n c e .  The de tec -  
tors  a r e  an o u t g r o w t h  o f  p r i o r  i n v e s t i g a t i o n s  o f  s e v e r a l  p roposed t e c h n i q u e s ,  
i n c l u d i n g  u l t r a v i o l e t  r a d i a t i o n ,  c l o u d  chambers, q u a r t z - c r y s t a l  i m p a c t  micro- 
ba lances ,  and gas samplers ,  f o r  smoke and f i r e  d e t e c t i o n  ( R e f .  6 ) .  Wh i le  t h e  
m o d i f i e d  i o n i z a t i o n  smoke d e t e c t o r  r e p r e s e n t s  an opt imum i n  t e r m s  o f  r e l i a b i l -  
i t y ,  ma in tenance,  minimum mass and cost f a c t o r s ,  i t  cannot  be c l a i m e d  t o  be 
t h e  most e f f e c t i v e  f o r  l o w - g r a v i t y  pe r fo rmance .  I n  f a c t ,  s e v e r a l  q u e s t i o n s  
f o r  f u t u r e  space a p p l i c a t i o n s  must  be r e s o l v e d ,  namely,  ( 1 )  i s  t h e  screened 
p a r t i c l e - s i z e  range most r e p r e s e n t a t i v e  o f  s m o k e - p a r t i c l e  d e n s i t i e s  g e n e r a t e d  
i n  i n c i p i e n t  space f i r e s ?  ( 2 )  do t h e  p lacement  and i n t e r n a l  f l ow  per fo rmance  
o f  t h e  d e t e c t o r s  ensure  e a r l y  d e t e c t i o n  and r a p i d  response t i m e s ?  and ( 3 )  how 
can t h e  s e n s i t i v i t y  and pe r fo rmance  o f  t h e  d e t e c t o r  be checked and c a l i b r a t e d  
under  space c o n d i t i o n s ?  
F i r e  E x t i n g u i s h m e n t  P r a c t i c e s  i n  S p a c e c r a f t  
g 
f 
I n  space,  t e c h n i q u e s  f o r  fire s u p p r e s s i o n  may d i f f e r  from t h o s e  i n  normal -  
r a v i t y  s i t u a t i o n s  b o t h  because o f  t h e  unusual  c h a r a c t e r i s t i c s  o f  l o w - g r a v i t y  
i r e s  and because o f  t h e  l o w - g r a v i t y  i n f l u e n c e  on  e x t i n g u i s h m e n t  d e l i v e r y  sys- 
tems. A s  i s  t h e  case f o r  f i r e  d e t e c t i o n ,  p r e s e n t  s p a c e c r a f t  f i r e  e x t i n g u i s h e r s  
a r e  a d a p t a t i o n s  o f  t h o s e  used i n  a i r c r a f t  c a b i n  p r o t e c t i o n  and employ mixed-  
phase e x t i n g u i s h a n t s  ( foams)  o r ,  more commonly, p r e s s u r i z e d  gases ( R e f s .  10 
and 1 4 ) .  
The e a r l y  human-crew s p a c e c r a f t  had p r o v i s i o n s  f o r  use o f  food -  
r e c o n s t i t u t i o n  w a t e r  guns f o r  emergency f i r e  e x t i n g u i s h m e n t  ( R e f .  9 ) .  The Sky- 
l a b ,  t h e  1973-1974 U . S .  p r o t o t y p e  space s t a t i o n ,  was equ ipped  w i t h  w a t e r l f o a m  
f i r e  e x t i n g u i s h e r s .  A t  p r e s e n t ,  t h e  S h u t t l e  f i r e  e x t i n g u i s h e r s  a r e  p r e s s u r i z e d  
gas c y l i n d e r s ,  charged w i t h  b r o m o t r i f l u o r o m e t h a n e  ( H a l o n  1301) ( F i g .  4 ) .  Three 
f i x e d - p o s i t i o n  e x t i n g u i s h e r  c y l i n d e r s  p r o t e c t  t h e  i n s t r u m e n t  bays ,  and t h e s e  
may be a c t u a t e d  r e m o t e l y  from t h e  c o n t r o l  deck .  A d d i t i o n a l  p o r t a b l e  f i r e  e x t i n -  
g u i s h e r s  a r e  a v a i l a b l e  f o r  f i r e  f i g h t i n g  i n  t h e  S h u t t l e  c a b i n  and a l s o  i n  
Space lab .  These p o r t a b l e  u n i t s  can be used t o  suppress  f i r e s  o r i g i n a t i n g  
b e h i n d  t h e  i n s t r u m e n t  p a n e l s  by i n s e r t i n g  t h e  e x t i n g u i s h e r  n o z z l e s  i n t o  p o r t s  
i n  t h e  p a n e l s .  
The c h o i c e  o f  Ha lon  1301 f o r  f i r e  p r o t e c t i o n  i n  t h e  S h u t t l e  i s  based on  
t h e  demonst ra ted  e f f e c t i v e n e s s  o f  t h i s  e x t i n g u i s h a n t  ( a  sma l l  c o n c e n t r a t i o n  
e x t i n g u i s h e s  most f i r e s )  as w e l l  as on  i t s  i n e r t n e s s ,  a t  l e a s t  i n  s m a l l  concen- 
t r a t i o n s .  There a r e ,  however ,  r e c o g n i z e d  d i sadvan tages  i n  t h e  use o f  Ha lon  
1301, even fo r  a i r c r a f t  s e r v i c e  ( R e f s .  12 and 1 4 ) .  The p r i n c i p a l  p rob lem i s  
t h a t  Ha lon  1301 e x t i n g u i s h e s  by i n h i b i t i n g  t h e  c h a i n - b r a n c h i n g  r e a c t i o n s  o f  
combust ion  and, i n  t h e  p r o c e s s ,  genera tes  hydrogen h a l i d e s  (HBr and H F ) .  These 
gases a r e  tox ic  and c o r r o s i v e ,  and t h e y  can be d i f f i c u l t  t o  remove i n  t h e  r e c y -  
c l i n g  e n v i r o n m e n t a l  c o n t r o l  system. F u r t h e r m o r e ,  Ha lon  1301 i s  r e l a t i v e l y  
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i n e f f e c t i v e  on deep-seated or s m o l d e r i n g  f i r e s ,  wh ich  r e q u i r e  c o o l i n g  or smoth- 
e r i n g  foams fo r  suppress ion .  The o c c u r r e n c e  o f  s m o l d e r i n g  f i r e s  may be reason-  
a b l y  p r o b a b l e  i n  space, where t h e  slow d i f f u s i o n  o f  oxygen i n t o  po rous  med ia  
f a v o r s  s m o l d e r i n g  r a t h e r  t h a n  f l a m i n g  combus t ion .  
A number o f  common e x t i n g u i s h i n g  agen ts  have been suggested  as a l t e r n a -  
t i v e s  t o  Ha lon  1301 i n  f u t u r e  s p a c e c r a f t  ( R e f s .  1 and 4 > ,  b u t  each has d i s a d -  
vantages  as w e l l  as advantages .  A p r i m a r y  c o n s i d e r a t i o n  i n  t h e  s e l e c t i o n  o f  an 
e x t i n g u i s h i n g  agen t  i s  t h e  e f f e c t  o f  t h e  p o t e n t i a l  c o n t a m i n a t i o n  o f  t h e  space- 
c r a f t  a tmosphere by  t h e  agen t  and i t s  r e a c t i o n  p r o d u c t s .  The p r o v i s i o n  f o r  
Ha lon  1301 onboard  t h e  U . S .  S h u t t l e  i s  j u s t i f i e d  i n  t h a t ,  f o r  a s h o r t - d u r a t i o n  
m i s s i o n ,  t h e  advantages o f  t h e  Ha lon  overcome i t s  d i sadvan tages .  A d i s c h a r g e  
o f  t h e  e x t i n g u i s h a n t  d u r i n g  a m i s s i o n  wou ld  c a l l  f o r  an immedia te  t e r m i n a t i o n  
and r e t u r n  t o  e a r t h  w i t h i n  a f e w  hou rs  t o  m i n i m i z e  t h e  t o x i c  or c o r r o s i v e  
e f f e c t s  ( R e f .  1 3 ) .  T h i s  o p t i o n  i s  n o t  a v a i l a b l e  i n  f u t u r e ,  permanent  o r b i t  
m i s s i o n s ,  as i n  Freedom. 
COMBUSTION AND F I R E  I N  SPACE 
The Low-Gravi t y  Env i ronment  
A t  t h e  usua l  a l t i t u d e  o f  a f e w  hundred kilometers f o r  human-crew o r b i t i n g  
s p a c e c r a f t ,  t h e  E a r t h  g r a v i t a t i o n a l  a c c e l e r a t i o n  i s  l i t t l e  d i f f e r e n t  from t h a t  
a t  sea l e v e l  ( 9 . 8  m / s Z > .  
t h a t  o f  f r e e  f a l l ,  where t h e r e  i s  a ba lance  o f  f o r c e s  w i t h  a v e r y  low n e t  
a c c e l e r a t i o n  f o r c e .  Ze ro  a c c e l e r a t i o n ,  or z e r o  g r a v i t y ,  i s  approached o n l y  as 
a l i m i t .  
p e r t u r b a t i o n s  a r e  s l i g h t ,  o f  t h e  o r d e r  o f  t o  t i m e s  normal  E a r t h  
g r a v i t y .  For combust ion  r e s e a r c h ,  t h i s  l o w - g r a v i t y  env i ronmen t  i s  u s u a l l y  
c a l l e d  m i c r o g r a v i  t y .  
The c o n d i t i o n  o f  t h e  s p a c e c r a f t  and i t s  c o n t e n t s  i s  
I n  p r a c t i c e ,  a c c e l e r a t i o n s  due t o  unba lanced d r a g  f o r c e s  and o t h e r  
The l a r g e  t e m p e r a t u r e  d i f f e r e n c e s  i n  f l a m e s  cause d e n s i t y  d i f f e r e n c e s ,  
wh ich  produce s t r o n g  upward, buoyan t  f lows i n  normal  g r a v i t y .  I n  low g r a v i t y ,  
f l a m e  p r o p a g a t i o n  i s  no  l o n g e r  p r e f e r e n t i a l l y  "up , "  and d i f f u s i o n ,  S t e f a n  and 
o t h e r  t r a n s p o r t  mechanisms, whose e f f e c t s  a r e  overwhelmed by  buoyancy i n  normal  
g r a v i t y ,  can s t r o n g l y  i n f l u e n c e  f l a m e  p r o p a g a t i o n .  T r a n s p o r t  o f  h e a t  b y  r a d i a -  
t i o n  may become dominan t ,  c a u s i n g  f l a m e  i n h i b i t i o n  by  c o o l i n g  i n  some i n s t a n c e s ,  
c a u s i n g  f i r e  p r o p a g a t i o n  t o  a d j a c e n t  s u r f a c e s  i n  o t h e r  i n s t a n c e s .  The t r a n s -  
p o r t  o f  oxygen t o  a f l a m e  zone by  d i f f u s i o n  a l o n e  may be slow and i n e f f i c i e n t  
i n  l o w - g r a v i t y  f l a m e s ,  a l t e r i n g  t h e  c h e m i s t r y  and k i n e t i c s  o f  t h e  combus t ion  
r e a c t i o n .  A l l  t h e s e  f a c t o r s  can s t r o n g l y  a f f e c t  t h e  i g n i t i o n ,  sp read ,  and 
n a t u r e  o f  t h e  r e d u c e d - g r a v i t y  f l a m e .  
Thus, f i r e  s a f e t y  i n  o r b i t i n g  s p a c e c r a f t  r e q u i r e s  f o r e m o s t  an unders tand -  
i n g  o f  t h e  b e h a v i o r  o f  combust ion  p rocesses  i n  low g r a v i t y ,  based o n  t h e o r e t i -  
c a l  a n a l y s e s  and v a l i d a t i n g  e x p e r i m e n t a l  d a t a .  
B r i e f  History o f  Low-Grav i t y  Combust ion Research 
The e a r l i e s t  l o w - g r a v i t y  combus t ion  e x p e r i m e n t s  conduc ted  w i t h  s o l i d  mate- 
r i a l s  were pe r fo rmed  aboard  a i r c r a f t  f l y i n g  o v e r  p a r a b o l i c  f l i g h t  p a t h s  t o  
o b t a i n  s h o r t  p e r i o d s  o f  low g r a v i t y  ( R e f .  1 5 ) .  
r u b b e r  compounds, p a r a f f i n s ,  and paper  were burned i n  l ow-p ressu re ,  pure-oxygen 
env i ronmen ts .  B u r n i n g  r a t e s  i n  low g r a v i t y  were obse rved  t o  be slow, b u t  
s t e a d y - s t a t e  c o n d i t i o n s  were n o t  ach ieved  d u r i n g  t h e  s h o r t  t e s t  t i m e .  
V a r i o u s  p o l y m e r i c  m a t e r i a l s ,  
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Subsequent a i r c r a f t  expe r imen ts  ( R e f .  16)  were conducted  t o  s t u d y  t h e  
b u r n i n g  r a t e s  o f  c o t t o n  c l o t h  s t r i p s  under  v a r i o u s  o x y g e n - d i l u e n t  a tmospheres .  
B u r n i n g  r a t e s  w e r e  observed t o  i n c r e a s e  w i t h  i n c r e a s i n g  thermal  c o n d u c t i v i t y  
o f  t h e  i n e r t  d i l u e n t  b u t  w e r e  o v e r a l l  much lower i n  low g r a v i t y  t h a n  i n  normal  
g r a v i t y .  Momentary s l i g h t  a c c e l e r a t i o n s  were obse rved  t o  i n c r e a s e  t h e  b u r n i n g  
r a t e s  c o n s i d e r a b l y ,  b u t  a g a i n  t h e  e f f e c t  c o u l d  n o t  be q u a n t i f i e d  because 
s t e a d y - s t a t e  was n o t  ach ieved .  
A s e r i e s  o f  d r o p  tower exper imen ts  were conducted  i n  t h e  e a r l y  1 9 7 0 ' s  
( R e f s .  17 t o  19) t o  examine t h e  e f f e c t s  o f  oxygen c o n c e n t r a t i o n  and p r e s s u r e  on  
t h e  b u r n i n g  r a t e s  o f  c e l l u l o s e  a c e t a t e .  These t e s t  r e s u l t s  i n d i c a t e d  t h a t  low- 
g r a v i t y  f lame-spread r a t e s  a r e  n e a r l y  t h e  same, or s l i g h t l y  l o w e r ,  t h a n  normal -  
g r a v i t y  spread r a t e s  and a r e  a f u n c t i o n  o f  m a t e r i a l  t h i c k n e s s .  
r a t e  o f  t h e  t h i n n e s t  m a t e r i a l s  i s  comparable t o  n o r m a l - g r a v i t y  r a t e s ,  b u t  t h e  
r a t e s  o f  t h i c k  m a t e r i a l s  a r e  c o n s i d e r a b l y  l e s s  t h a n  those  i n  normal  g r a v i t y .  
The f l ame-sp read  
The o n l y  o n - o r b i t  combust ion  exper imen ts  t o  d a t e  w e r e  d i r e c t  c o n t i n u a t i o n s  
o f  t h e  e a r l y  a i r c r a f t  t e s t s .  A l u m i n i z e d  m y l a r ,  n y l o n ,  neoprene-coated n y l o n  
f a b r i c ,  p o l y u r e t h a n e  foam, paper ,  and T e f l o n  f a b r i c  were s t u d i e d  aboard  S k y l a b  
4 i n  1974 ( R e f .  201, i n  a 0 .04 -cub ic  m e t e r  s p h e r i c a l  combust ion  a p p a r a t u s  
( F i g .  5 ) .  I n  a d d i t i o n  t o  t e s t s  o f  t h e  b u r n i n g  r a t e s  o f  t h e  m a t e r i a l s  n o t e d ,  
t h e  Sky lab  exper imen ts  s t u d i e d  t h e  spread o f  f i r e  t o  a d j a c e n t  m a t e r i a l s  as w e l l  
as t h e  e x t i n g u i s h m e n t  o f  t h e  b u r n i n g  m a t e r i a l  t h r o u g h  wa te r  sp rays  or  v e n t i n g  
t o  the vacuum of space. Qualitative results from these tests were recorded by 
a 16-mm color movie camera. B u r n i n g  r a t e s  were obse rved  i n  g e n e r a l  t o  be much 
slower i n  low g r a v i t y  t h a n  i n  normal  g r a v i t y .  F i g u r e  6 shows t h e  s p h e r i c a l  
f l a m e  genera ted  by  b u r n i n g  a p o l y u r e t h a n e  sample i n  low g r a v i t y .  F i r e s  were 
obse rved  t o  spread from one m a t e r i a l  t o  a n o t h e r  o v e r  a gap o f  1 .3  cm.  I n  t h e  
v e n t i n g  t e s t s ,  i t  was n o t e d  t h a t  a i r  f l ow  caused by  e v a c u a t i o n  o f  t h e  atmos- 
phe re  g r e a t l y  i n t e n s i f i e s  t h e  b u r n i n g  r a t e s  f o r  a b r i e f  p e r i o d  o f  t i m e  b e f o r e  
c a u s i n g  e x t i n g u i s h m e n t  i n  t h e  near-vacuum. 
t i o n  t h a t ,  u n l e s s  t h e  e v a c u a t i o n  t i m e  i s  s h o r t ,  t h e  enhanced combust ion  due t o  
t h e  a i r  m o t i o n  c o u l d  do  c o n s i d e r a b l e  damage b e f o r e  e x t i n c t i o n  o c c u r r e d .  Water 
e x t i n g u i s h m e n t  was s u c c e s s f u l  i n  some cases .  However, when t h e  w a t e r  s p r a y  was 
n o t  c a r e f u l l y  d i s p e r s e d ,  t h e  wa te r  was obse rved  t o  s c a t t e r  b u r n i n g  m a t e r i a l s  
r a t h e r  t h a n  e x t i n g u i s h  them. 
I t  was conc luded  from t h i s  obse rva -  
Based upon these  s i m p l e  l o w - g r a v i t y  combus t ion  t e s t s ,  Kimzey obse rved  
t h a t ,  because l o w - g r a v i t y  b u r n i n g  r a t e s  a r e  slower and show no tendency  t o  
i n c r e a s e  w i t h  t i m e  as i s  usua l  i n  n o r m a l - g r a v i t y  upward b u r n i n g ,  n o r m a l - g r a v i t y  
f l a m m a b i l i t y  t e s t s  ( R e f .  8 )  p r o v i d e  adequate ,  c o n s e r v a t i v e  s tandards  f o r  low- 
g r a v i t y  m a t e r i a l  accep tance .  R e c e n t l y ,  t h e  s u f f i c i e n c y  o f  n o r m a l - g r a v i t y  t e s t s  
t o  c h a r a c t e r i z e  l o w - g r a v i t y  f l a m m a b i l i t y  has been q u e s t i o n e d .  O f  p a r t i c u l a r  
conce rn  i s  t h e  o b s e r v a t i o n  from t h e  e a r l y  t e s t s  t h a t ,  i f  some c o n v e c t i o n  i s  
imposed on  t h e  b u r n i n g  m a t e r i a l  i n  low g r a v i t y  (due t o  a c c e l e r a t i o n s ,  v e n t i n g ,  
or  a i r  c i r c u l a t i o n ) ,  t h e  b u r n i n g  r a t e  i n t e n s i f i e s  c o n s i d e r a b l y .  The U . S .  Shut-  
t l e  and Space S t a t i o n  Freedom must have a i r  c i r c u l a t i o n  systems t o  p r o v i d e  a 
c o n s t a n t  f low o f  a i r  t h r o u g h  t h e  c a b i n ;  and, as an example, t h e  S h u t t l e  c l o s e d -  
l o o p  a i r  c i r c u l a t i o n  s y s t e m  p r o v i d e s  nomina l  a i r  v e l o c i t i e s  between 8 and 
20 c m / s  t h r o u g h o u t  t h e  c r e w  c a b i n  ( R e f .  2 1 ) .  Thus, as t h e  f i r e - d e t e c t i o n  sys- 
t e m s  and e x t i n g u i s h m e n t  systems a r e  b e i n g  des igned  f o r  Freedom, f u r t h e r  knowl -  
edge o f  t h e  hazards  o f  f i r e  i n  space i s  e s s e n t i a l .  
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I n  response t o  t h i s  renewed concern ,  a comprehensive,  c o n t i n u i n g  e x p e r i -  
menta l  and model development  p rogram i s  b e i n g  conducted  t o  s t u d y  t h e  e f f e c t s  of 
oxygen c o n c e n t r a t i o n ,  m a t e r i a l  t h i c k n e s s ,  and f low o n  combust ion  o f  m a t e r i a l s  
i n  low and p a r t i a l - g r a v i t y  env i ronmen ts .  F i g u r e  7 shows t h e  e v o l u t i o n  o f  
e x p e r i m e n t a l  hardware  t o  s t u d y  s o l i d - m a t e r i a l  f l a m m a b i l i t y  i n  low g r a v i t y .  The 
a i r p l a n e  t e s t  package was t h e  e a r l i e s t  appara tus  ( R e f .  1 5 > ,  wh ich  se rved  as a 
model f o r  t h e  S k y l a b  t e s t s  c i t e d  h e r e .  The drop- tower  package i s  an a p p a r a t u s  
c u r r e n t l y  i n  use a t  t h e  U . S .  NASA Lewis Research Cen te r  t o  s t u d y  e f f e c t s  of 
a tmospheres ,  i n e r t a n t s ,  and v e n t i l a t i o n  f low on paper  combus t ion .  The S o l i d  
Sur face  Combust ion Exper iment  ( R e f .  22) i s  a f l i g h t  package des igned  for l o n g -  
d u r a t i o n  t e s t s  i n  t h e  S h u t t l e ,  schedu led  t o  f l y  a t  t h e  e a r l i e s t  o p p o r t u n i t y ,  
p r o b a b l y  i n  1990. 
Low-Grav i t y  Combust ion Parameters  o f  Concern f o r  F i r e  S a f e t y  
The m o d e l i n g  and e x p e r i m e n t a l  r e s u l t s  t o  d a t e  have g i v e n  an improved 
u n d e r s t a n d i n g  o f  what f a c t o r s  a r e  i m p o r t a n t  i n  a s s e s s i n g  t h e  fire hazard  i n  a 
l o w - g r a v i t y  env i ronmen t .  To i l l u s t r a t e ,  t y p i c a l  normal  and l o w - g r a v i t y  f l a m e s  
i n  t h i n  s o l i d  f u e l s  a r e  drawn s c h e m a t i c a l l y  i n  F i g .  8 .  I n  g e n e r a l ,  t h e  f l a m e s  
i n  low g r a v i t y  a r e  obse rved  t o  be cooler and more d i f f u s e  t h a n  t h e i r  no rma l -  
g r a v i t y  c o u n t e r p a r t s .  The f l a m e  i s  l a r g e r  and e s t a b l i s h e s  i t s e l f  f u r t h e r  from 
t h e  f u e l  s u r f a c e  t h a n  n o r m a l - g r a v i t y  f l a m e s .  Large  soot p a r t i c l e s  a r e  seen t o  
escape from t h e  f l a m e  zone i n  low g r a v i t y ,  and t h e  c o l o r  o f  t h e s e  r a d i a n t  p a r -  
t i c l e s  change as t h e y  c o o l ,  from orange t o  d u l l  r e d  t o  b l a c k  ( R e f .  23 ) .  
M a t e r i a l  p r o p e r t i e s .  - M a t e r i a l  p r o p e r t i e s  p l a y  an i m p o r t a n t  r o l e  i n  t h e  
combust ion  p r o c e s s  i n  low g r a v i t y .  M a t e r i a l s  t h a t  m e l t  as t h e y  b u r n  may b o i l  
a t  t h e i r  s u r f a c e ,  and t h e  p u l s a t i n g  f l a m e  t h a t  r e s u l t s  i s  due t o  t h e  uns teady  
r a t e  o f  v a p o r i z a t i o n  from t h e  b o i l i n g  f u e l .  Ny lon  samples i n  t h e  S k y l a b  t e s t s  
( R e f .  20)  and n y l o n  Velcro i n  d r o p  tower  t e s t s  ( R e f .  24)  were obse rved  t o  b u r n  
i n  t h i s  manner. The v i s c o s i t y  o f  t h e  s o l i d - f u e l  m e l t  c o u l d  a l s o  be a f a c t o r  i n  
t h e  haza rd  o f  f i r e  spread,  because gaseous bubb les  b r e a k i n g  t h r o u g h  t h e  l i q u i d  
s u r f a c e  can p r o p e l  m o l t e n  and b u r n i n g  chunks o f  f u e l  i n t o  t h e  gas phase t o  
d r i f t  away u n t i l  t h e y  impac t  on a n o t h e r  ( p o s s i b l y  f l ammab le )  s u r f a c e .  The 
e x p u l s i o n  o f  b u r n i n g  d r o p l e t s  o f  m o l t e n  f u e l  has been obse rved  i n  d r o p  t o w e r  
t e s t s  w i t h  n y l o n  V e l c r o .  
i n g  t h e  f l a m e  zone o f  t h e  b u r n i n g  m a t e r i a l ,  a l o n g  w i t h  a s k e t c h  i n t e r p r e t i n g  
t h e  pho tog raph .  
p a s t  t h e  sample, wh ich  a l s o  i n c r e a s e  t h e  o v e r a l l  b u r n i n g  r a t e  c o n s i d e r a b l y  
( R e f .  2 4 ) .  
F i g u r e  9 shows a pho tog raph  o f  b u r n i n g  d r o p l e t s  l e a v -  
D r o p l e t  e x p u l s i o n  appears t o  be enhanced by  a slow a i r  m o t i o n s  
A n o t h e r  m a t e r i a l  p r o p e r t y  wh ich  has been f o u n d  t o  be i m p o r t a n t  i n  low 
g r a v i t y  combus t ion  i s  t h e  m a t e r i a l  t h i c k n e s s .  I n  normal  g r a v i t y ,  t h e  f lame- 
sp read  r a t e  v a r i e s  i n v e r s e l y  w i t h  m a t e r i a l  t h i c k n e s s  t h r o u g h o u t  t h e  f l a m m a b i l -  
i t y  r e g i o n .  I n  low g r a v i t y ,  t h e  same r e l a t i o n s h i p  h o l d s  e x c e p t  nea r  t h e  
e x t i n c t i o n  l i m i t  (minimum oxygen c o n c e n t r a t i o n )  where t h e  f l ame-sp read  r a t e  
for t h e s e  f lames decreases  more s t r o n g l y  w i t h  i n c r e a s i n g  m a t e r i a l  t h i c k n e s s  
(Ref .  2 5 ) .  F u r t h e r  s t u d i e s  a r e  needed, however ,  t o  q u a n t i f y  t h e  t h i c k n e s s  
e f f e c t  i n  low g r a v i t y  more c o m p l e t e l y .  
A tmospher i c  c o m p o s i t i o n .  - I n e r t  gases such as n i t r o g e n  a l s o  have an 
i m p o r t a n t  r o l e  i n  t h e  b u r n i n g  p rocess .  I t  i s  known from n o r m a l - g r a v i t y  t e s t i n g  
t h a t ,  for a c o n s t a n t  p a r t i a l  p r e s s u r e  o f  oxygen,  f l a m m a b i l i t y  decreases  if t h e  
t o t a l  p r e s s u r e  i s  i n c r e a s e d  by  a d d i n g  a tmospher i c  d i l u e n t .  T h i s  i s  because t h e  
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combust ion  energy  absorbed i n  h e a t i n g  t h e  i n e r t  gas reduces  t h e  f l a m e  tempera- 
t u r e .  T h e r e f o r e ,  a l t h o u g h  i t  has y e t  t o  be s t u d i e d  comprehens ive ly  i n  low 
g r a v i t y ,  i n e r t  p r e s s u r i z a t i o n  w i t h  h i g h  h e a t - c a p a c i t y  gases appears t o  be an 
e x c e l l e n t  c a n d i d a t e  f o r  f ire p r e v e n t i o n .  
I n e r t  gases a l s o  a f f e c t  t h e  combust ion  p rocess  by a c t i n g  as a h e a t  t r a n s -  
f e r  medium from t h e  f l a m e  t o  t h e  f u e l .  Normal and l o w - g r a v i t y  exper imen ts  have 
demons t ra ted  t h a t  t h e  the rma l  c o n d u c t i v i t y  o f  t h e  i n e r t  gas d i r e c t l y  a f f e c t s  
t h e  b u r n i n g  r a t e ;  t h e  h i g h e r  t h e  the rma l  c o n d u c t i v i t y ,  t h e  f a s t e r  t h e  m a t e r i a l  
w i l l  b u r n .  He l ium,  f o r  example, t r a n s f e r s  h e a t  v e r y  r a p i d l y ,  and so m a t e r i a l s  
i n  a he l ium-oxygen env i ronmen t  b u r n  more q u i c k l y  t h a n  t h e  same m a t e r i a l s  i n  
comparable n i t r o g e n - o x y g e n  env i ronmen ts .  Thus i t  i s  d e s i r a b l e  f o r  f u r t h e r  
r e s e a r c h  i n  f i r e  p r e v e n t i o n ,  t o  c o n s i d e r  d i l u e n t s  w i t h  a h i g h  h e a t  c a p a c i t y  b u t  
a low the rma l  c o n d u c t i v i t y .  
Oxygen c o n c e n t r a t i o n  i n  t h e  env i ronmen t  has p r o b a b l y  been t h e  most s t u d i e d  
pa ramete r  i n  l o w - g r a v i t y  combust ion  r e s e a r c h .  The e a r l y  t e s t s  f o c u s e d  on  low- 
p r e s s u r e ,  h i g h - o x y g e n - c o n c e n t r a t i o n  atmospheres because these  atmospheres c o r -  
responded t o  t h e  s p a c e c r a f t  p r a c t i c e  a t  t h a t  t i m e .  U . S .  human-crew s p a c e c r a f t  
s i n c e  t h e  A p o l l o  e r a  have been des igned  f o r  a low-oxygen c o n c e n t r a t i o n  t o  
reduce  t h e  f i r e  haza rd .  The S h u t t l e  c u r r e n t l y  uses s t a n d a r d  s e a - l e v e l  a i r  as 
i t s  b a s e l i n e  atmosphere,  a l t h o u g h  an e l e v a t e d  oxygen atmosphere i s  i n t r o d u c e d  
i n  p r e p a r a t i o n  f o r  e x t r a v e h i c u l a r  a c t i v i t i e s .  
I n c r e a s i n g  oxygen c o n c e n t r a t i o n  i n c r e a s e s  t h e  b u r n i n g  r a t e s  o f  most, if 
n o t  a l l ,  s o l i d  m a t e r i a l s .  F i g u r e  10 shows how t h e  f l ame-sp read  r a t e  f o r  paper  
changes as t h e  oxygen c o n c e n t r a t i o n  i s  i n c r e a s e d  ( R e f .  2 5 ) .  For f l a m e s  i n  
h igh-oxygen c o n c e n t r a t i o n s  f a r  from t h e  e x t i n c t i o n  l i m i t ,  normal  and low- 
g r a v i t y  f l ame-sp read  r a t e s  a r e  i d e n t i c a l  and l i n e a r  w i t h  oxygen c o n c e n t r a t i o n ;  
g r a v i t y  p l a y s  no  d i s c e r n i b l e  r o l e  i n  t h e  f l ame-sp read  p r o c e s s .  
e x t i n c t i o n  l i m i t ,  however ,  f l ame-sp read  r a t e s  decrease r a p i d l y  w i t h  d e c r e a s i n g  
oxygen c o n c e n t r a t i o n ;  and t h e  l o w - g r a v i t y  f l ame-sp read  r a t e s  a r e  l o w e r  t h a n  
t h e  n o r m a l - g r a v i t y  c o u n t e r p a r t  r a t e s .  
Near t h e  
R a d i a t i o n  and e x t i n c t i o n  l i m i t s .  - The d a t a  i l l u s t r a t e d  i n  F i g .  10 show 
t h e  e x t i n c t i o n  l i m i t s  i n  b o t h  normal  g r a v i t y  and low g r a v i t y .  The cause of 
e x t i n c t i o n  i s  b e l i e v e d  t o  be d i f f e r e n t  f o r  t h e  two g r a v i t y  s i t u a t i o n s .  I n  
normal  g r a v i t y ,  f l a m e  e x t i n c t i o n  i s  u s u a l l y  caused by  " b l o w o f f , "  or  t h e  exces-  
s i v e  g r a v i t y - i n d u c e d  c o n v e c t i v e  removal  o f  h e a t ,  u s u a l l y  due t o  buoyan t  flows. 
Blowoff o c c u r s ,  f o r  example, when you b low  o u t  a match.  I n  low g r a v i t y ,  how- 
e v e r ,  t h e r e  a r e  no g r a v i t y - i n d u c e d  c o n v e c t i o n  f lows, b u t  t h e  c o o l e r  f l a m e s  a r e  
more s e n s i t i v e  t o  h e a t  l o s s e s  t h a n  n o r m a l - g r a v i t y  f l a m e s .  E x p e r i m e n t a l  r e s u l t s  
suggest  t h a t  r a d i a t i v e  h e a t  loss from t h e  b u r n i n g  f u e l  s u r f a c e ,  or quench ing  
( i . e . ,  r a p i d  c o o l i n g ) ,  i s  t h e  p r o b a b l e  cause o f  e x t i n c t i o n  i n  low g r a v i t y  
( R e f .  2 3 ) .  
C o n v e c t i v e  h e a t  t r a n s f e r  i n  low g r a v i t y  i s  g r e a t l y  reduced  because o f  t h e  
e l i m i n a t i o n  o f  buoyancy- induced f lows, and c o n d u c t i v e  h e a t  t r a n s f e r  appears t o  
be reduced because f l ames  a r e  obse rved  t o  be f u r t h e r  from t h e  f u e l  s u r f a c e .  
Thus t h e  r e l a t i v e  impor tance  o f  r a d i a t i v e  h e a t  t r a n s f e r ,  e i t h e r  from t h e  s o l i d  
s u r f a c e  or from t h e  f l a m e  zone, i s  g r e a t e r .  R a d i a t i v e  h e a t  t r a n s f e r  can,  as 
p o s t u l a t e d  above, cause f l a m e  e x t i n c t i o n ,  or i t  can cause i g n i t i o n  o f  a f u e l  
s u r f a c e  i n  t h e  absence o f  c o n v e c t i v e  c o o l i n g .  
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V e n t i l a t i o n  and f o r c e d  c o n v e c t i o n .  - I n  t h e  absence o f  buoyant  flow, t h e  
dominant  f low imposed upon a b u r n i n g  sur face  i n  s p a c e c r a f t  would be due t o  t h e  
v e n t i l a t i o n  s y s t e m .  The e a r l y  l o w - g r a v i t y  t e s t s  i n d i c a t e d  t h a t  f low enhances 
combust ion ,  and more r e c e n t  q u a n t i t a t i v e  t e s t s  have s u p p o r t e d  these  e a r l y  q u a l -  
i t a t i v e  r e s u l t s  ( R e f s .  23,  26 ,  and 27 ) .  F i g u r e  1 1  i s  a summary o f  t h e  e f f e c t  
o f  a i r  v e l o c i t y  on  t h e  f lame-spread r a t e  o v e r  p a p e r .  
t i o n s ,  a t t a i n a b l e  o n l y  a t  low g r a v i t y ,  t h e  f l ame-sp read  r a t e  i s  low. A s  t h e  
a i r  v e l o c i t y  i s  i n c r e a s e d  i n  a d i r e c t i o n  c o u n t e r  t o  t h e  f lame spread,  f r e s h  
oxygen i s  b r o u g h t  i n t o  t h e  f l a m e  zone by f o r c e d  c o n v e c t i o n ;  and t h e  f l ame-  
spread r a t e  i n c r e a s e s  r a p i d l y  w i t h  a i r  v e l o c i t y .  On t h e  o t h e r  hand, a t  h i g h  
a i r  v e l o c i t i e s  t y p i c a l  o f  buoyancy -d r i ven  n o r m a l - g r a v i t y  a i r  v e l o c i t i e s ,  t h e  
f lame-spread r a t e  decreases  w i t h  i n c r e a s i n g  a i r  v e l o c i t y  due t o  "b lowof f  ,I '  t h e  
c o n v e c t i v e  c o o l i n g  and d i l u t i o n  o f  t h e  f l a m e  zone.  
f i r e  s a f e t y  i s  i n  t h e  range o f  i n t e r m e d i a t e  v e l o c i t i e s  where f l ame-sp read  r a t e s  
can be g r e a t e r  t h a n  t h e  t y p i c a l  n o r m a l - g r a v i t y  f l ame-sp read  r a t e .  Wh i le  t h e  
q u a n t i t a t i v e  e x t e n t  o f  t h i s  enhanced f l ame-sp read- ra te  zone i s  n o t  f u l l y  
d e f i n e d  by e x p e r i m e n t s ,  i t  appears t o  l i e  w i t h i n  t h e  range  o f  t y p i c a l  space- 
c r a f t  v e n t i l a t i o n - a i r  v e l o c i t i e s .  
A t  n e a r - q u i e s c e n t  cond i -  
The i m p o r t a n t  conce rn  f o r  
F i g u r e  12 d e s c r i b e s  t h e  a i r - v e l o c i t y  e f f e c t s  as a f l a m m a b i l i t y  map f o r  
paper ,  wh ich  i n d i c a t e s  t h e  a tmospher i c  c o n d i t i o n s  (oxygen c o n c e n t r a t i o n  and 
f low v e l o c i t y )  o v e r  wh ich  t h e  m a t e r i a l  w i l l  or  w i l l  n o t  b u r n .  A s  i s  t h e  case 
for  f l ame-sp read  r a t e s  shown i n  F i g .  1 1 ,  f l a m m a b i l i t y  i n c r e a s e s  (lower oxygen 
l i m i t s )  a t  low a i r  v e l o c i t i e s ,  t y p i c a l  o f  low g r a v i t y ,  b u t  decreases  a t  h i g h  
a i r  v e l o c i t i e s ,  t y p i c a l  o f  normal  g r a v i t y  w i t h  buoyant  f low. Aga in ,  t h e  maxi -  
mum f i r e  haza rd  f o r  paper  appears  t o  be a t  i n t e r m e d i a t e  f o r c e d - f l o w  v e l o c i t i e s  
a t t a i n e d  i n  low g r a v i t y  ( i n  t h e  range of c u r r e n t  S h u t t l e  v e n t i l a t i o n  v e l o c i -  
t i e s ) .  Under t h e s e  c o n d i t i o n s ,  t h e  m a t e r i a l  may b u r n  a t  oxygen c o n c e n t r a t i o n s  
as low as 15 p e r c e n t ,  wh ich  i s  be low t h e  measured downward-spread f l a m m a b i l i t y  
l i m i t  i n  normal  g r a v i t y  w i t h  no  f o r c e d  c o n v e c t i o n .  
A p p l i c a t i o n  o f  Low-Grav i t y  Combust ion Knowledge t o  F i r e  S a f e t y  
Much has been done s i n c e  t h e  A p o l l o  e r a  t o  improve t h e  s a f e t y  of space- 
The m a j o r  improvement  i n  t h e  f i r e  s a f e t y  a r e a  has been t o  reduce  t h e  c r a f t .  
oxygen c o n c e n t r a t i o n  from p u r e  oxygen t o  t h a t  o f  s e a - l e v e l  a i r .  A l t h o u g h  
humans can t o l e r a t e  even l o w e r  oxygen atmospheres,  r e d u c i n g  t h e  oxygen concen- 
t r a t i o n  be low t h a t  o f  a i r  can a d v e r s e l y  a f f e c t  t h e  m i s s i o n  u s e f u l n e s s ,  i n  te rms  
of passengers ,  s c i e n t i f i c ,  and commerc ia l  accommodation 
The r e d u c t i o n  o f  oxygen c o n c e n t r a t i o n  t o  t h a t  o f  a i r  was an o b v i o u s  
improvement  because t h i s  i s  t h e  normal  b a s e l i n e  atmosphere;  and most, if n o t  
a l l ,  m a t e r i a l s  a r e  more f l ammab le  i n  h i g h e r  oxygen c o n c e n t r a t i o n s .  O t h e r  
f i r e - s a f e t y  changes a r e  n o t  as f e a s i b l e  f o r  a d a p t a t i o n .  For example, t h e  
t h i c k e r  t h e  m a t e r i a l  t h e  s l o w e r  i t  b u r n s ,  so i t  wou ld  seem t o  be l o g i c a l  t o  
use p o t e n t i a l l y  f lammable m a t e r i a l s  i n  as t h i c k  a s e c t i o n  as p r a c t i c a l .  How- 
e v e r ,  t h i s  d e s i g n  concep t  i s  i n c o n s i s t e n t  w i t h  a common-sense approach of l i m -  
i t i n g  t h e  t o t a l  q u a n t i t y  o f  f lammable  m a t e r i a l s .  
A c t u a l  l o w - g r a v i t y  t e s t i n g  o f  a l l  m a t e r i a l s  t o  f l y  i n  space i s  o b v i o u s l y  
n o t  f e a s i b l e  a t  p r e s e n t .  C u r r e n t  t e s t  methods r e f l e c t  o u r  u n d e r s t a n d i n g  of 
f l a m m a b i l i t y  i n  normal  g r a v i t y ,  b u t  t h e y  f a i l  t o  i n c l u d e  some o f  t h e  u n i q u e  
haza rds  a s s o c i a t e d  w i t h  low g r a v i t y .  These concerns  i n c l u d e  t h e  enhanced 
l o w - g r a v i  t y  b u r n i n g  r a t e  a s s o c i a t e d  w i t h  f o r c e d - c o n v e c t i o n  f lows, t h e  sp read  
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o f  f i r e  by e x p u l s i o n  o f  h o t  p a r t i c l e s  from m e l t i n g  p l a s t i c s ,  and t h e  f l ammab le ,  
p e r s i s t e n t  a e r o s o l s  c r e a t e d  by s p i l l s  o f  f l u i d s  or powders.  I n  a d d i t i o n ,  some 
assessment of t h e  p o t e n t i a l  f o r  s m o l d e r i n g  must  be d e v i s e d .  Smo lde r ing  s o l i d s  
may b u r n  u n d e t e c t e d  f o r  hours  or  days, and even i f  f l a m i n g  combust ion  neve r  
o c c u r s ,  t h e  b u i l d  up o f  t o x i c  p r o d u c t s  i n  t h e  atmosphere i s  a s e r i o u s  danger  t o  
t h e  e n v i r o n m e n t a l - c o n t r o l  and l i f e - s u p p o r t  s y s t e m .  
Fu r the rmore ,  i n v e s t i g a t i o n  o f  t h e  i n f l u e n c e  o f  l o w - g r a v i t y  combus t ion  
processes  on f i r e  d e t e c t i o n  and f i r e  e x t i n g u i s h m e n t  i s  needed f o r  i n t e l l i g e n t  
p r o t e c t i o n  o f  t h e  l o n g - t e r m  h a b i t a t i o n  env i ronmen ts  i n  space.  P o t e n t i a l  
d e s i g n s  f o r  f ire d e t e c t o r s  and f i r e  e x t i n g u i s h e r s  need t o  be t e s t e d  i n  r e a l  
l o w - g r a v i t y  f i r e  s i t u a t i o n s .  A p p l i c a t i o n  o f  l o w - g r a v i t y  combust ion  knowledge 
can a l s o  i n f l u e n c e  o p e r a t i o n a l  p rocedures  t o  d e t e r m i n e  what improvements can 
be made t o  reduce  t h e  f i r e  haza rd  w h i l e  m i n i m i z i n g  t h e  i n c o n v e n i e n c e  o f  s a f e t y  
r e g u l a t i o n s  on t h e  day- to-day a c t i v i t i e s  o f  t h e  c r e w .  
F I R E  SAFETY FOR FUTURE SPACECRAFT 
The U.S. Space S t a t i o n  Freedom 
Freedom, a permanent  v e h i c l e  i n  low e a r t h  o r b i t ,  i s  a space s t a t i o n  t o  be 
p l a c e d  i n  o p e r a t i o n  i n  t h e  n e x t  decade. Freedom i s  conce ived  as a c l u s t e r  o f  
e lemen ts  devo ted  t o  s a t e l l i t e  s e r v i c i n g ,  s c i e n t i f i c  and commerc ia l  space a c t i v -  
i t i e s ,  and l o n g - d u r a t i o n  human h a b i t a t i o n .  The c e n t e r  o f  Freedom i s  t h e  group-  
i n g  o f  modules w i t h  i n t e r c o n n e c t i n g  nodes and a i r l o c k s  ( F i g .  13 ) .  The main  
components a r e  t h e  h a b i t a t i o n  module f o r  a crew o f  perhaps  e i g h t  pe rsons ,  t h e  
s u p p l y  module, and t h r e e  l a b o r a t o r y  (and workshop)  modules,  w i t h  p r o j e c t s  and 
p e r s o n n e l  from s e v e r a l  NATO n a t i o n s  and Japan, as w e l l  as t h e  U . S .  
The permanent  i n s t a l l a t i o n  and l o n g - d u r a t i o n  m i s s i o n s  o f  Freedom w i l l  
i n c r e a s e  t h e  p r o b a b i l i t y  o f  t h e  o c c u r r e n c e  o f  a f i r e .  
p l y  f l i g h t s  canno t  be i m m e d i a t e l y  a v a i l a b l e ,  perhaps  t a k i n g  30 days or l o n g e r  
t o  a r r a n g e ,  s a f e t y  p l a n n i n g  must  assume t h a t  a l l  f i r e  c o n t r o l s  and r e c o v e r y  
s u p p l i e s  a r e  c o n t a i n e d  w i t h i n  Freedom. I n  t h i s  r e s p e c t ,  t h e  i n t e r c o n n e c t i n g ,  
" l a d d e r "  a r rangement  o f  t h e  modules ( F i g .  13)  assu res  a t  l e a s t  two p a t h s  of 
eg ress  from each module,  a haven f o r  t h e  c rew i n  any node, and a means o f  c l o s -  
i n g  off  a damaged module w i t h o u t  b l o c k i n g  access t o  any o t h e r  module or  node.  
S i n c e  r e s c u e  and resup-  
A s  s t a t e d  e a r l i e r ,  t h e  goa l  o f  f i r e  s a f e t y  i n  Freedom i s  t h e  m i n i m i z a t i o n  
o f  r i s k ,  r a t h e r  t h a n  z e r o  r i s k .  That  i s ,  sma l l  t o l e r a b l e  t h r e a t s  a r e  ba lanced  
a g a i n s t  t h e  c o n s t r a i n t s  o f  p r a c t i c a l i t y ,  o p e r a t i o n s ,  and economics (Refs.  5 
and 6 ) .  A space s t a t i o n  must  accommodate l i v i n g  and r e c r e a t i o n a l  a c t i v i t i e s ,  
as w e l l  as s c i e n t i f i c  and i n d u s t r i a l  o p e r a t i o n s ,  a l l  o f  wh ich  r e q u i r e  t h e  pos- 
s i b l e  i n t r o d u c t i o n  o f  f lammable  m a t e r i a l s ,  h e a t i n g  and e n e r g e t i c  o p e r a t i o n s  
w i t h  no  s a t i s f a c t o r y  s u b s t i t u t e s .  The c h a l l e n g e  t o  s p a c e c r a f t  f i r e - s a f e t y  
des igns  and t e c h n i q u e s  i s  o b v i o u s .  
Submarine and A i r c r a f t  A n a l o g i e s  
S p a c e c r a f t  f i r e - s a f e t y  p r a c t i c e s  have been modeled on ,  and w i l l  c o n t i n u e  
t o  d e r i v e  from, techn iques  and e x p e r i e n c e s  e s t a b l i s h e d  f o r  t h e  e n c l o s e d  com- 
pa r tmen ts  o f  a i r c r a f t  and submar ines ( R e f .  2 8 ) .  The submar ine o p e r a t e s  i n  a 
h o s t i l e  e x t e r n a l  env i ronmen t ,  s u p p l i e s  i t s  own r e c y c l e d  atmosphere,  and depends 
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on  s e l f - c o n t a i n e d  f i r e  d e t e c t i o n  and s u p p r e s s i o n  s y s t e m s .  The s p a c e c r a f t ,  how- 
e v e r ,  has o b v i o u s  d i f f e r e n c e s  because o f  i t s  l o w - g r a v i t y  exposure  and t h e  
i n a b i l i t y  t o  e x t r a c t  oxygen from t h e  s u r r o u n d i n g  atmosphere.  (Submar ines can 
genera te  oxygen from s e a . w a t e r . )  I n  a d d i t i o n ,  submar ines may s u r f a c e  f o r  p e r -  
sonnel  e v a c u a t i o n  i f  a f i r e  becomes w ide  spread.  
One s e t  of submar ine f i r e - p r o t e c t i o n  i n v e s t i g a t i o n s  o f  i n t e r e s t  f o r  po ten -  
t i a l  s p a c e c r a f t  a p p l i c a t i o n  i s  t h a t  o f  f i r e - s a f e  atmospheres.  The s m a l l - s c a l e  
combust ion  s t u d i e s  p r o m o t i n g  low-oxygen atmospheres f o r  f i r e  p r e v e n t i o n  have 
a l r e a d y  been d i s c u s s e d  i n  a p r e v i o u s  s e c t i o n .  Gann e t  a l .  ( R e f .  29) d e s c r i b e d  
s imu la t i on -chamber  t e s t s  o f  n i t r o g e n  f l o o d i n g  f o r  submar ine f i r e  f i g h t i n g ,  
where e x c e s s  n i t r o g e n  lowers t h e  oxygen c o n t e n t  w h i l e  r e t a i n i n g  t h e  oxygen p a r -  
t i a l  p r e s s u r e  a t  t o l e r a b l e  l e v e l s  f o r  humans. An a l t e r n a t i v e  approach ,  more 
s u i t a b l e  f o r  s p a c e c r a f t  a p p l i c a t i o n s ,  i s  t o  m a i n t a i n  a c o n s t a n t  t o t a l  p r e s s u r e  
w i t h  a reduced oxygen p a r t i a l - p r e s s u r e  l e v e l  based on minimum l e v e l s  from h i g h -  
a l t i t u d e  human e x p e r i e n c e .  A l l o w a b l e  l i m i t s  f o r  low-oxygen atmospheres have 
been d i s c u s s e d  by  H o r r i g a n  ( R e f .  30> ,  and t h e  f i r e - p r o t e c t i o n  a s p e c t s  have been 
p r e s e n t e d  i n  a s p a c e c r a f t  a tmosphere s e l e c t i o n  f o r u m  summarized i n  R e f .  1 .  
Ano the r  a l t e r n a t i v e  method i n v o l v e s  t h e  s u b s t i t u t i o n  o f  a h i g h  mo la r -hea t -  
c a p a c i t y  i n e r t  gas,  such as CF4 or  SF6, f o r  n i t r o g e n  i n  t h e  atmosphere 
( R e f .  3 1 ) .  The d i l u e n t  w i l l  suppress combust ion  by l o w e r i n g  t h e  f l a m e  tempera-  
t u r e .  N e v e r t h e l e s s ,  t h e  use o f  f i r e - s a f e  atmospheres on s p a c e c r a f t  must  a w a i t  
t h e  d e f i n i t i o n  and i m p l e m e n t a t i o n  o f  l o n g - d u r a t i o n  t e s t i n g  o f  human responses  
and e f f i c i e n c y  i n  t h e  r e s p e c t i v e  atmospheres.  I n  any e v e n t ,  t h e r e  a r e  f o r m i d a -  
b l e  s t r u c t u r a l  and o p e r a t i o n a l  d i f f i c u l t i e s  t o  t h e  g e n e r a l  a d o p t i o n  o f  atmo- 
spheres o t h e r  t h a n  " a i r "  i n  f u t u r e  s p a c e c r a f t .  
O f  g r e a t e r  i n t e r e s t ,  however, i s  t h e  u s e  o f  i n e r t i n g  atmospheres i n  spe- 
c i f i c ,  u n i n h a b i t e d  volumes, such as i n  e l e c t r i c a l  power c a b i n e t s .  A p r o m i s i n g  
source  o f  an i n e r t i n g  atmosphere,  a l r e a d y  under  i n v e s t i g a t i o n  f o r  m i l i t a r y -  
a i r c r a f t  f u e l - t a n k  i n e r t i n g ,  i s  onboard  i n e r t - g a s  g e n e r a t i o n .  T h i s  t e c h n i q u e  
i n v o l v e s  t h e  removal  o f  some o f  t h e  a tmospher i c  oxygen by  m o l e c u l a r - s i e v e  o r  
permeable-membrane s e p a r a t o r s  ( R e f s .  32 and 33 ) .  I n  s p a c e c r a f t  p r a c t i c e ,  an 
i n e r t  gas r e t a i n i n g  6 p e r c e n t  or  g r e a t e r  oxygen c o n c e n t r a t i o n  may be e f f e c -  
t i v e l y  f i r e - s a f e .  I n  c o n t r a s t  t o  t h e  once - th rough  a i r c r a f t  i n e r t i n g  s y s t e m ,  
t h e  gases from t h e  s p a c e c r a f t  i n e r t i n g  system wou ld  be r e c y c l e d ,  and b o t h  t h e  
i n e r t  gas and t h e  separa ted  oxygen would be r e c o v e r e d  and combined t o  r e g e n e r -  
a t e  p a r t  of t h e  b r e a t h i n g  atmosphere.  
Research and Techno logy  Trends 
F i r e  p r e v e n t i o n .  - Adequate s c r e e n i n g  o f  m a t e r i a l s  f o r  onboard  use has 
been a l o n g - t i m e  concern  f o r  b o t h  a i r c r a f t  and s p a c e c r a f t ,  and t h i s  concern  
has s p u r r e d  t h e  development  o f  new p l a s t i c  and compos i te  m a t e r i a l s  w i t h  low- 
f l a m m a b i l i t y  c h a r a c t e r i s t i c s .  The p r i n c i p a l  accep tance  t e s t  f o r  NASA space- 
c r a f t  m a t e r i a l s ,  t h e  upward p r o p a g a t i o n  t e s t  ( F i g .  2 > ,  has a l r e a d y  been 
d e s c r i b e d  i n  t h i s  paper .  
f o r  s o l i d  m a t e r i a l s ,  t h e  n o r m a l - g r a v i t y  t e s t  may o f f e r  an adequate  m a r g i n  of 
s a f e t y  f o r  s p a c e c r a f t  accep tance .  There may be e x c e p t i o n s  t o  t h i s  s u p p o s i t i o n ,  
however .  For example, t h e  l o w - g r a v i t y  t e s t s  on  V e l c r o  specimens, a l r e a d y  c i t e d  
( R e f .  24 ) ,  showed t h a t  t h e  random e x p u l s i o n  o f  h o t  p a r  i c l e s  from b u r n i n g  p l a s -  
t i c s  may c r e a t e  an a d d i t i o n a l  i g n i t i o n  haza rd  i n  space I t  has a l s o  been n o t e d  
t h a t  l o w - g r a v i t y  combust ion  may be g r e a t l y  enhanced by  even low l e v e l s  o f  ven- 
t i l a t i o n  a i r  f lows. A t  p r e s e n t ,  however, t h e  c o r r e l a t  on  o f  s m a l l - s c a l e  t e s t  
I n  low g r a v i t y ,  s i n c e  f l a m m a b i l i t y  i s  o f t e n  reduced  
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r e s u l t s  t o  t h e  v e n t i l a t i o n - f l o w  env i ronmen t  o f  t h e  Space S t a t i o n  Freedom, f o r  
example, i s  unknown. Thus, i t  i s  i m p o r t a n t  t o  c o n t i n u e  r e s e a r c h  on l o w - g r a v i t y  
combust ion w i t h  t h e  ma jo r  o b j e c t i v e  of p r o v i d i n g  u n d e r s t a n d i n g  o f  p rocesses  t o  
e s t a b l i s h  s a f e t y  l e v e l s  f o r  l o n g - d u r a t i o n  space s t a t i o n  needs.  I n  a d d i t i o n ,  
f i r e - r i s k  ana lyses  fo r  space must assume t h a t ,  even if s a t i s f a c t o r y  assessments 
o f  l o w - g r a v i t y  f l a m m a b i l i t y  a r e  d e f i n e d ,  some f lammable  m a t e r i a l s  w i l l  s t i l l  
have t o  be t o l e r a t e d  onboard  Freedom because many u s e f u l  human and s c i e n t i f i c  
a c t i v i t i e s  r e q u i r e  hazardous m a t e r i a l s  and p r o c e d u r e s .  F i r e - s a f e t y  s t r a t e g i e s  
w i l l  approach f i r e  p r e v e n t i o n  t h r o u g h  compartmenta l  i n e r t i n g ,  f i r e - s a f e  stor- 
age,  c o n f i g u r a t i o n  c o n t r o l s ,  and m a t e r i a l  q u a n t i t y  and s e p a r a t i o n  minimums. 
A s  t h e  second l i n e  o f  de fense ,  p r o v i s i o n s  f o r  f i r e  d e t e c t i o n  and e x t i n g u i s h -  
ment, wh ich  assume t h e  p r o b a b i l i t y  o f  an i n c i p i e n t  f i r e ,  become o f  g r e a t  
impor tance .  
F i r e  d e t e c t i o n .  - Spacec ra f t  s p e c i a l i s t s  a r e  aware t h a t  p r e s e n t  f i r e -  
d e t e c t i o n  t e c h n i q u e s ,  w h i l e  adequate for  t h e  s h o r t - d u r a t i o n  S h u t t l e  m i s s i o n s ,  
r e q u i r e  c o n s i d e r a b l y  more knowledge and development  f o r  s p a c e - s t a t i o n  a p p l i c a -  
t i o n s .  O b v i o u s l y ,  one r e q u i r e m e n t  i s  more i n f o r m a t i o n  on  expec ted  f i r e  s i g n a -  
t u r e s  under  low g r a v i t y .  A s  n o t e d  e a r l i e r  i n  t h i s  paper ,  s t u d i e s  show t h a t  
l o w - g r a v i t y  f l ames  a r e  g e n e r a l l y  c o o l e r ,  s o o t i e r ,  and slower p r o p a g a t i n g  t h a n  
t h e i r  n o r m a l - g r a v i t y  c o u n t e r p a r t s ,  and these  c h a r a c t e r i s t i c s  a f f e c t  t h e  t e c h -  
n iques  o f  d e t e c t i o n .  I t  appears t h a t  s m o l d e r i n g  combustion' may be p o s s i b l e  i n  
space, because t h e  slow t r a n s p o r t  o f  oxygen i n t o  po rous  media ( foams,  waste 
c o n t a i n e r s )  can promote t h i s  r a t h e r  t h a n  f l a m i n g  combust ion .  S m o l d e r i n g  com- 
b u s t i o n  genera tes  l a r g e  smoke p a r t i c l e s ,  and d e t e c t o r s  wou ld  have t o  be t u n e d  
t o  r e c o g n i z e  these  p a r t i c l e s  as fire s i g n a t u r e s .  F i n a l l y ,  t h e  t r a n s p o r t  o f  
v a r i o u s  f i r e  s i g n a t u r e s  i s  a l s o  changed i n  low g r a v i t y .  S i n c e  i t  i s  i m p r a c t i -  
c a l  t o  i n s t r u m e n t  space modules c o m p l e t e l y ,  a l i m i t e d  number o f  f i r e  d e t e c t o r s  
must be j u d i c i o u s l y  p l a c e d  t o  i n t e r c e p t  t h e  most p r o b a b l e  pathways o f  f i r e -  
s i g n a t u r e  agen ts .  
P lacement  o f  f i r e  d e t e c t o r s  p lanned  f o r  Space S t a t i o n  Freedom can t a k e  
advantage o f  v e n t i l a t i o n  d u c t i n g  f o r  e f f i c i e n t  m o n i t o r i n g  o f  t h e  atmosphere 
and p o t e n t i a l  f i r e  r a d i a t i o n .  The t y p e  and d e s i g n  o f  sensors  a r e  s t i l l  under  
d i s c u s s i o n ,  and i t  i s  l i k e l y  t h a t  f i r e  p r o t e c t i o n  i n  Freedom w i l l  i n c o r p o r a t e  
sensors  o f  s e v e r a l  g e n e r i c  t y p e s .  Thus, t h e  comple te  f i r e - d e t e c t o r  sys tem 
would i n c l u d e  smoke, c h e m i c a l ,  r a d i a t i o n ,  and o v e r h e a t  sensors ,  whose cove rage  
c o u l d  be augmented by  e x t e n s i o n s ,  such as r o t a t i n g  mirrors,  f i b e r s  o p t i c s ,  or 
samp l ing  t u b e s .  
Adequate s e n s i t i v i t y  o f  f i r e  d e t e c t o r s  i s  a p r o b l e m  common t o  ground and 
a i r c r a f t  systems.  F i r e  d e t e c t o r s  must  respond t o  minimum f i r e - s i g n a t u r e  t h r e -  
sho lds  y e t  r e j e c t  ex t raneous  s i g n a l s  t h a t  cause f a l s e  a l a r m s .  An e x t e n s i v e  
su rvey  o f  commerc ia l  e x p e r i e n c e  c i t e s  a 14 t o  1 r a t i o  o f  f a l s e  a la rms  from 
smoking, c o o k i n g ,  d u s t ,  and so on,  t o  r e a l  a la rms  i n  smoke d e t e c t o r s  ( R e f .  34). 
Thus, p r o m i s i n g  approaches f o r  h i g h - s e n s i t i v i t y  d e t e c t o r  s y s t e m s  l e s s  p rone  t o  
f a l s e  a la rms  may i n c o r p o r a t e  m u l t i p l e  sensors  w i t h  d e c i s i o n  l o g i c  t o  d e f i n e  t h e  
a l a r m  c o n d i t i o n s  w i t h  a d j u s t a b l e  s e n s i t i v i t i e s  ( R e f s .  6 and 1 2 ) .  
F i r e  e x t i n g u i s h m e n t .  - A p a r a l l e l  conce rn  for s p a c e c r a f t  f i r e  e x t i n g u i s h -  
ment a r i s e s  from t h e  ev idence  t h a t  t h e  Ha lon  1301 f i r e  e x t i n g u i s h e r ,  w h i l e  
adequate f o r  t h e  s h o r t - d u r a t i o n  S h u t t l e  m i s s i o n s ,  r e q u i r e s  c o n s i d e r a b l e  improve-  
ment or rep lacemen t  f o r  s p a c e - s t a t i o n  a p p l i c a t i o n s .  I n  l o n g - d u r a t i o n  space- 
c r a f t ,  t h e  e n v i r o n m e n t a l  p rob lems w i t h  t h e  use o f  Ha lons  a r e  o f  g r e a t  conce rn .  
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An i d e a l ,  s u b s t i t u t e  l o w - g r a v i t y  e x t i n g u i s h a n t  s h o u l d  be e f f e c t i v e  (minimum 
q u a n t i t y  r e q u i r e d )  fo r  a l l  a n t i c i p a t e d  f i r e  s c e n a r i o s ,  c o n v e n i e n t  f o r  d e l i v e r y  
t o  t h e  f i r e ,  and r e a d i l y  removab le ,  i n  b o t h  i t s  o r i g i n a l  and r e a c t e d  s t a t e s ,  
from t h e  atmosphere.  
Severa l  t y p e s  o f  e x t i n g u i s h i n g  systems a r e  b e i n g  c o n s i d e r e d  f o r  f u t u r e  
s p a c e c r a f t .  For example, d e i o n i z e d  wa te r  and foam s y s t e m s  have been proposed 
for f u r t h e r  s t u d y  i n  r e c e n t  r e v i e w  papers  ( R e f s .  1 and 4 ) .  Water i s  e f f i c i e n t  
as an e x t i n g u i s h a n t ,  c r e a t e s  no u n d e s i r a b l e  r e a c t i o n  p r o d u c t s ,  and i s  r e a d i l y  
removab le  from t h e  atmosphere.  The e f f e c t i v e  c o n t r o l  and d i spe rsemen t  of w a t e r  
sp rays  i n  low g r a v i t y  a r e  f o r m i d a b l e  t e c h n o l o g y  prob lems,  however .  A more 
p r a c t i c a l  approach employs gaseous e x t i n g u i s h e r s ,  and ca rbon  d i o x i d e  i s  f a v o r e d  
i n  t h e  i n i t i a l  p l a n  f o r  Space S t a t i o n  Freedom. The s t r o n g  advantage o f  ca rbon  
d i o x i d e  i s  t h a t  i t  i s  r e a d i l y  removab le  by  any s p a c e c r a f t  e n v i r o n m e n t a l  c o n t r o l  
s y s t e m .  Carbon d i o x i d e  i s  r e c o g n i z e d ,  however ,  as a r e l a t i v e l y  i n e f f i c i e n t  
e x t i n g u i s h a n t ,  and t h e  l a r g e  c o n c e n t r a t i o n  r e q u i r e d  fo r  e f f e c t i v e  f i r e  suppres-  
s i o n  may be hazardous t o  t h e  c r e w  as an a s p h y x i a n t  (Re fs .  32 and 35) .  The same 
arguments may s u p p o r t  or d i s q u a l i f y  n i t r o g e n  as a f i r e  e x t i n g u i s h a n t ,  a l t h o u g h  
n i t r o g e n  i s  an i d e a l  d i l u e n t  f o r  i n e r t i n g  o f  u n i n h a b i t e d  compartments,  a t e c h -  
n i q u e  a l r e a d y  d i s c u s s e d .  
V e n t i n g  t o  t h e  vacuum o f  space i s  an u l t i m a t e  f i r e - e x t i n g u i s h i n g  method 
a v a i l a b l e  t o  s p a c e c r a f t .  
v e n t i n g  a f t e r  t h e  escape o f  t h e  crew and s e a l i n g  o f  t h e  f i r e - s t r i c k e n  compart -  
ment .  
p r e s s u r e  i s  low enough t o  suppress  combust ion ,  wh ich  makes l a t e r  r e c o n s t i t u -  
t i o n  o f  t h e  atmosphere l e s s  demanding. 
Kimzey (Re f .  1 5 > ,  c i t e d  i n  a p r e v i o u s  s e c t i o n ,  showed t h a t  t h e  a i r  m o t i o n  
i nduced  by  v e n t i n g  can t e m p o r a r i l y  i n c r e a s e  f l a m e  spread and may cause a d d i -  
t i o n a l  f i r e  damage b e f o r e  t h e  f i r e  i s  e x t i n g u i s h e d .  
A d i f f i c u l t  f i r e  can be c o m p l e t e l y  c o n t r o l l e d  by  
V e n t i n g  need o n l y  p roceed  t o  a p o i n t  where t h e  r e t a i n e d  oxygen p a r t i a l  
The s m a l l - s c a l e  S k y l a b  e x p e r i m e n t s  of 
Human f a c t o r s .  - The c o m p l e t e l y  c l o s e d  c y c l e  and l i m i t e d  r e s u p p l y  c a p a b i l -  
i t i e s  i n  s p a c e c r a f t  a tmospheres cause t h e  t h r e a t  o f  c o n t a m i n a t i o n  t o  be g r e a t l y  
f e a r e d ,  even more so t h a n  i n  t h e  c losed-env i ronmen t  c o u n t e r p a r t s  o f  submar ines 
and a i r c r a f t .  For Space S t a t i o n  Freedom, e v a l u a t i o n  and s e l e c t i o n  of f i r e -  
c o n t r o l  systems w i l l  depend s t r o n g l y  on i n t e r n a l  e n v i r o n m e n t a l  i m p a c t s .  I n  
summary, i t  i s  i m p o r t a n t  t o  emphasize t h a t  t h e  g r e a t e s t  danger  from f i r e ,  i t s  
p r e c u r s o r s  ( o v e r h e a t i n g ,  p y r o l y s i s ,  and s m o l d e r i n g )  and i t s  e x t i n g u i s h m e n t ,  
l i e s  i n  t h e  t o x i c i t y  o f  t h e  p r o d u c t s  and n o t  i n  t h e  the rma l  e f f e c t s  or s t r u c -  
t u r a l  damage. Human responses ,  i n c l u d i n g  s a f e t y  en fo rcemen t ,  f i r e  d r i l l s ,  
escape modes, and r e s c u e  may be modeled t o  a g r e a t  e x t e n t  on  p r a c t i c e s  es tab -  
l i s h e d  f o r  a i r c r a f t .  I m p o r t a n t  d e c i s i o n s  i n  f u t u r e  s p a c e c r a f t  p l a n n i n g  w i l l  
be on  t h e  r e l a t i v e  r e l i a n c e  on  manual v e r s u s  au tomated responses .  A s  space- 
c r a f t  and t h e i r  m i s s i o n s  become more complex,  t h e r e  i s  a g r e a t e r  need t o  i n v e s t  
i n  a u t o m a t i c  s y s t e m s  f o r  p r o t e c t i o n  o f  u n a t t e n d e d  compartments and t o  i n s u r e  
r a p i d  and p r e d i c t a b l e  responses  t o  emergenc ies .  N e v e r t h e l e s s ,  s t r o n g  arguments 
can be advanced t o  r e t a i n  many human-detec t ion  o p t i o n s .  
S t a t i o n  Freedom i s  i n c r e a s e d  i f  u s e r s  a r e  c o n f i d e n t  t h a t  i r r e p l a c e a b l e  p r o j e c t s  
a r e  p r o t e c t e d  n o t  o n l y  from f i r e  e f f e c t s  b u t  a l s o  from damage t h r o u g h  i n a d v e r t -  
e n t  shutdown or f a l s e - a l a r m  e x t i n g u i s h a n t  r e l e a s e .  
The v a l u e  of Space 
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A s  d i s c u s s e d  e a r l i e r ,  a n a l y t i c a l  m o d e l i n g  and s i m u l a t i o n - f a c i l i t y  e x p e r i -  
ments a r e  necessa ry  and v a l u a b l e  f o r  s m a l l - s c a l e  s t u d i e s  o f  m i c r o g r a v i t y  com- 
b u s t i o n  p e r t i n e n t  t o  f i r e - s a f e t y  u n d e r s t a n d i n g .  What i s  l a c k i n g ,  o f  c o u r s e ,  
i s  t h e  c a p a b i l i t y  t o  conduc t  l o w - g r a v i t y ,  l o n g - d u r a t i o n  t e s t s  on ,  f o r  example,  
m a t e r i a l  f l a m m a b i l i t y ,  s m o l d e r i n g ,  f i r e - s i g n a t u r e  i d e n t i f i c a t i o n ,  d e t e c t o r  
response and c a l i b r a t i o n ,  e x t i n g u i s h a n t  d e l i v e r y  and e f f e c t i i i e n e s s ,  and human 
response modes. The U . S .  S h u t t l e  i n c o r p o r a t e s  t h e  b e s t  a v a i l a b l e  t e c h n o l o g y  
i n  i t s  f i r e  d e t e c t i o n  and s u p p r e s s i o n  systems.  These s y s t e m s  cannot  be v e r i -  
f i e d  i n  t r u e  space c o n d i t i o n s ,  b u t  t h i s  l a c k  i s  compensated by t h e  e x t r e m e l y  
low p r o b a b i l i t y  of a f i r e  d u r i n g  a s h o r t - d u r a t i o n  m i s s i o n  and t h e  a b i l i t y  t o  
t e r m i n a t e  a m i s s i o n  and r e t u r n  t o  e a r t h  p r o m p t l y .  The permanent h a b i t a t i o n  
and l o n g - d u r a t i o n  m i s s i o n  o f  t h e  Space S t a t i o n  Freedom, however, p r e s e n t  more 
s e r i o u s  problems for  t h e  development  o f  f i r e - p r o t e c t i o n  s y s t e m s ,  r e q u i r i n g  
some degree o f  in -space t e s t i n g  and v e r i f y i n g .  
A s  a p r a c t i c a l  m a t t e r ,  development  and d e m o n s t r a t i o n  of f i r e  p r e v e n t i o n ,  
d e t e c t i o n ,  and s u p p r e s s i o n  p o l i c i e s  and t e c h n i q u e s  fo r  Freedom w i l l  need a com- 
p romise  t o  s i m p l i f y  v a l i d a t i o n s  t h r o u g h  e f f e c t i v e  use o f  a n a l y t i c a l  knowledge 
and s m a l l - s c a l e  s i m u l a t i o n  t e s t i n g .  There a r e  hopes t h a t  some t i m e l y  t e s t s  and 
d e m o n s t r a t i o n s  can be conducted  i n  f u t u r e  S h u t t l e  m i s s i o n s  up t o  t h e  t i m e  o f  
t h e  c o n s t r u c t i o n  and assembly o f  Freedom i n  o r b i t .  
The Space S t a t i o n  Freedom i t s e l f  i s  t h e  i d e a l  f a c i l i t y  for l o n g - d u r a t i o n  
f i r e - s a f e t y  t e s t i n g  f o r  space.  The s p a c e - s t a t i o n  l a b o r a t o r y  modules a r e  
equ ipped  w i t h  power,  u t i l i t i e s ,  and s t a n d a r d i z e d  r a c k s  f o r  moun t ing  e x p e r i m e n t s  
t o  e x p l o i t  t h e  m i c r o g r a v i t y  env i ronmen t  i n  t h e  modu les .  One d e f i n i t i o n  concep t  
f o r  i n s t a l l a t i o n  i n  a Freedom l a b o r a t o r y  module,  shown i n  F i g .  14,  c o n s i s t s  o f  
a combust ion  chamber t o  be mounted i n  one r a c k  w i t h  a s s o c i a t e d  d a t a  and power 
s y s t e m s  i n  an a d j o i n i n g  r a c k  ( R e f .  3 6 ) .  Such a f a c i l i t y ,  wh ich  i s  one of 
s e v e r a l  under  a c t i v e  d e s i g n  c o n s i d e r a t i o n  by  NASA, can accommodate m u l t i p l e  
exper imen t  f u n c t i o n s ,  i n c l u d i n g  i n v e s t i g a t i o n s  o f  i g n i t i o n ,  f l a m e  spread,  f lam- 
m a b i l i t y ,  combus t ion  p r o d u c t s ,  and f l a m e  s u p p r e s s i o n .  
CONCLUDING REMARKS 
T h i s  paper  i s  a r e v i e w  o f  t h e  knowledge,  t e c h n i q u e s ,  and f u t u r e  t r e n d s  i n  
s p a c e c r a f t  f i r e  s a f e t y .  I t  i s  c l e a r  t h a t  a i r c r a f t  f i r e - s a f e t y  s t r a t e g i e s  and 
hardware se rve  as i m p o r t a n t  models  f o r  c o r r e s p o n d i n g  measures i n  space.  The 
ove rwhe lm ing  d i f f e r e n c e  i n  space i s  t h e  n e g l i g i b l e  g r a v i t a t i o n  body f o r c e ,  a 
s i t u a t i o n  t h a t  p r o f o u n d l y  i n f l u e n c e s  f i r e s ,  t h e i r  d e t e c t i o n ,  and t h e i r  c o n t r o l .  
Ano the r  o p e r a t i o n a l  d i f f e r e n c e  a f f e c t i n g  f i r e  s a f e t y  i s  t h a t  s p a c e c r a f t  of t h e  
f u t u r e  must be c o m p l e t e l y  s e l f - c o n t a i n e d :  t h e  a t m o s p h e r i c ,  f i r e - f i g h t i n g ,  and 
rescue  r e s o u r c e s  a r e  a l l  m a i n t a i n e d  by  t h e  s p a c e c r a f t  l o g i s t i c  s u p p l i e s .  
For t h e  p r e s e n t ,  t h e  f i r e  s a f e t y  p r o v i s i o n s  i n  t h e  U.S.  S h u t t l e  appear  
adequate f o r  t h e y  a r e  based on  s e l e c t e d  a p p l i c a t i o n s  o f  p roven  t e c h n i q u e s  i n  
g round and a i r c r a f t  f i r e  s a f e t y .  What i s  l a c k i n g  f o r  c o n t i n u e d  s a f e t y  i n  
f u t u r e  l o n g - d u r a t i o n  m i s s i o n s  i s  a b e t t e r  u n d e r s t a n d i n g  o f  l o w - g r a v i t y  combus- 
t i o n  and i t s  a p p l i c a t i o n  t o  s p a c e c r a f t  f i r e  s a f e t y .  Ana lyses  and s m a l l - s c a l e  
exper imen ts  i n d i c a t e  t h a t  t h e  l a c k  of n a t u r a l  c o n v e c t i o n  (absence of g r a v i t y -  
d r i v e n  buoyancy)  may g e n e r a l l y  i n h i b i t  combust ion ,  p r o d u c i n g  c o o l e r ,  l e s s  e f f i -  
c i e n t  f l a m e s .  S p e c i a l  c i r c u m s t a n c e s ,  i n  c o n t r a s t ,  may i n c r e a s e  f i r e  dangers 
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i n  space. The most 
combust ion  by low f 
o f  fire i n  low u r a v  
i m p o r t a n t  i s  t h e  demons t ra ted  enhancement o f  l o w - g r a v i t y  
ow r a t e s  o f  v e n t i l a t i o n .  
t y  compared t o  normal  g r a v i t y ,  i t  i s  c l e a r  t h a t  t h e  u n i q u e  
Regard less  o f  t h e  r e l a t i v e  danger  
c h a r a c t e r i s t i c s - o f  f i r e s  i n  space r e q u i r e  i n n o v a t i v e  t e c h n i q u e s  i n  f i r e  p reven-  
t i o n ,  d e t e c t i o n ,  and e x t i n g u i s h m e n t .  
Des ign  and r e s e a r c h  a r e  underway f o r  t h e  U . S .  Space S t a t i o n  Freedom, a 
m u l t i p u r p o s e  space community, t o  be pe rmanen t l y  p l a c e d  i n  a l o w - e a r t h  o r b i t .  
For Freedom, i t  i s  necessa ry  t o  d e v i s e  r e a s o n a b l e  m a t e r i a l  f l a m m a b i l i t y  accep t -  
ance p o l i c i e s ,  c o n s i s t e n t  w i t h  p r e s e n t  knowledge o f  space b e h a v i o r .  F i r e  
d e t e c t i o n  f o r  t h i s  s p a c e c r a f t  must  r e c o g n i z e  t h e  p o t e n t i a l  f i r e  s i g n a t u r e s  i n  
low g r a v i t y  and d e v i s e  s y s t e m s  o f  adequate  s e n s i t i v i t y  y e t  p e r c e p t i v e  enough 
t o  r e j e c t  f a l s e  a l a r m s ,  w i t h  added p r o v i s i o n  f o r  i n - f l i g h t  checks and c a l i b r a -  
t i o n s .  F i r e  e x t i n g u i s h m e n t  f o r  Freedom must be e f f i c i e n t ,  s u i t a b l e  f o r  opera-  
t i o n  i n  low g r a v i t y  and, above a l l ,  u n c o n t a m i n a t i n g  and removab le  from t h e  
c l o s e d  a tmospher i c  system. 
c o n s i d e r  t h e  p r o b a b i l i t y  o f  f i r e s  o c c u r r i n g  i n  space and t h e i r  spread and haz- 
a r d s  i n  low g r a v i t y .  
Crew t r a i n i n g  and escape modes must  be d e v i s e d  t o  
F i n a l l y ,  s p a c e c r a f t  f i r e  s a f e t y  can no  l o n g e r  r e l y  on  s t r i c t  r u l e s ,  
d e v i s e d  fo r  s h o r t - t e r m  m i s s i o n s .  F i r e  s a f e t y  f o r  f u t u r e  s p a c e c r a f t ,  l i k e  Free-  
dom, must  be f l e x i b l e  and r e a l i s t i c ,  s i m i l a r  t o  p o l i c i e s  i n  p l a c e  f o r  a i r c r a f t .  
The goa l  o f  s p a c e c r a f t  f i re s a f e t y  w i l l  be a compromise t o  a c h i e v e  t h e  l o w e s t  
p r a c t i c a l  r i s k  l e v e l  c o n s i s t e n t  w i t h  t h e  p r o m o t i o n  o f  u s e f u l  f u n c t i o n s  of h a b i -  
t a t i o n ,  sc ience ,  and commerc ia l  o p e r a t i o n s  i n  t h e  s p a c e c r a f t .  
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FIGURE 1. - REPRESENTATION OF SPACECRAFT SAFETY PROCEDURES. 





TY P I CAL 
SPECIMEN - 
L I M I T I  NG 
FLAME- 
SPREAD 














FIGURE 2. - STANDARD UPWARD BURNING TEST METHOD FOR SPACECRAFT 
MATERIALS. 
18 
INTEGRAL SAMPLING FAN 7 
ION I ZATION-TYPE 
SMOKE DETECTOR 
/ 
TYPICAL OF 9 
LOCAT IONS 
,--FIRE SUPPRESSION 
/ CONTROL PANEL 
, FLIGHT 
DECK 







/‘ ACTUATOR 7 
\ 
FIXED-POSITION HALON 
1301 FIRE EXTINGUISHER 
F I L L  PORT--’ 
r F I R E  SUPPRESSION / / CONTROL PANEL 
/ 
TYPICAL OF 3 
LOCAT IONS 
\ 
TABLE FIRE EXTIN- 
GUISHERS NOT SHOWN 
FIGURE 4 .  - HALON 1301 FIRE EXTINGUISHERS I N  THE U.S 




FOR IGNITION 7 
VIEW OF 
FIGURE 6 
WORK CHAMBER, ‘SPECIMEN (5 CM 
43-CM DIAMETER TYPICAL LENGTH) 
FIGURE 5 .  - LOW-GRAVITY FLAMMABILITY APPARATUS FLOWN I N  THE 
1974 SKYLAB MISSION. 
21 
ORIGINAL PAGE 
BLACK A N D  WHITE PHOTOGRAPH 
-- 
FIGURE 6. - SPHERICAL FLAME SURROUNDING POLYURETHANE FOAM SPEC- 



















LACK AND WHITE PHOTOGRAP FLAME WIDTH OF 
SAME ORDER AS 














I I  
/-SMALL 
/ 
I 1  STANDOFF I I  
NARROW FLAME 
BUOYANT FLOW 
FLICKER I NG, 
BRIGHT 







FIGURE 8. - COMPARISON OF TYPICAL NORMAL- AND LOW-GRAVITY FLAMES ON THIN SOLID SURFACES 
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FIGURE 11. - EFFECT OF VENTILATION AIR FLOW ON FLAME-SPREAD RATE FOR 
THIN-PAPER SPECIMENS. 
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